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The Enriquillo-Plantain Garden Fault Zone (EPGFZ) is a system of predominantly leftlateral strike-slip faults extending through Eastern Jamaica and Western Hispaniola. The fault
zone has generated at least one large (> Mw 6) earthquake per century within the last five
centuries. These earthquakes include the 2010 Mw 7 Haitian earthquake which killed 300, 000
people and the 1907 Jamaican earthquake which killed ~900 people. Both earthquakes resulted
in significant infrastructural damages, tsunamis, landslides and ground fissures.
This dissertation provides insights into the history, and societal impacts of active faulting
and earthquake triggered geohazards within the EPGFZ. Herein, I show that Eastern Jamaica
hosts a previously unrecognized strike-slip fault system that is within 5 km of Kingston, the
capital city where two-thirds of the population lives. This newly identified fault system is an
extension of a prominent strike-slip fault within the EPGFZ. This study-identified fault system is
active and could generate a magnitude 5.8-6.9 earthquake in Jamaica.
Historical reports suggest that Mw 5 or greater earthquake within the Jamaican section of
the EPGFZ will likely cause slope failures within Kingston, especially Port Royal beach. My
analysis of the sands within the upper 2 m of this beach indicates that these sediments strengthen
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with time since deposition. Possible causes for this sediment strengthening include
microstructural changes to the sands (e.g., grain rotation and slippage) with time, relatively small
changes to sediment physical properties or both.
My studies of the EPGFZ in Hispaniola reveals a complicated relationship between the
flooding of Lake Enriquillo and Azuei, earthquake shaking, and climate change. Specifically, I
show that the lakes flooded due to changing weather and increased basinal hydraulic
connectivity. I further propose that ground shaking and an increase in hurricane frequency were
the leading causes for the observed changes in basinal hydraulic connectivity.
Together, the studies demonstrate that there is a complicated relationship between
tectonics, sediment strength and changes to hydraulic connectivity within the EPGFZ. The
studies provide new knowledge of active fault systems that could generate large magnitude
earthquakes. They provide insights into the evolution of sediment resistance to liquefaction in
Jamaican and possibly across the world. They reminded the scientific community that residents
of the Caribbean have to prepare for both earthquakes and hurricanes simultaneously and that
these systems can sometimes interact in surprising ways. Along the way, the studies within this
dissertation have also helped build a community of American and Jamaican scientists dedicated
to improving the lives of Jamaicans and Hispaniolans through geoscience research.
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lake has grown significantly more easterly or westerly than northerly or southerly. ......... 6
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This is dedicated to Vaden Diego Wright.

CHAPTER 1

INTRODUCTION TO THE ENRIQUILLO-PLANTAIN GARDEN FAULT ZONE

1.1 Earthquakes within the EPGFZ
Jamaica and Hispaniola straddle the Enriquillo-Plantain Garden Fault Zone (EPGFZ), a
sinistral strike-slip fault system that has generated three moderate to large (Mw 5.5-7)
earthquakes since 1692. The most recent large magnitude (> Mw 6) earthquake within the
EPGFZ occurred on January 7, 2010, in Haiti. The earthquake occurred along a previously
unknown thrust fault within the EPFZ, killed 30, 000 people and severely damaged the
infrastructure in Port-au-Prince, the capital city. The event also triggered liquefaction and
changes to the hydrologic properties of the region. For many within the scientific community, the
Haitian earthquake was a reminder that:
1. Large magnitude earthquake sometimes occur on faults that extend away from, are
connected to or accommodate strain from the Enriquillo-Plantain Garden Fault
2. Liquefaction disproportionately occur along or near coastal and fluvial systems
3. The main factors influencing liquefaction resistance in Holocene beaches are unknown
4. Earthquake-triggered geohazards should be included in seismic hazard assessments for
active continental strike-slip boundaries
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The reminders from the Haiti earthquake have served as motivations for four studies
present in this dissertation. The first three studies focus on active faulting and the evolution of
Holocene beaches in Jamaica. The fourth study demonstrates how earthquakes and climate
change lead to lake flooding in Hispaniola.
1.2 Jamaican Focused Studies
Jamaicans face seismic hazards associated with the Enriquillo-Plantain Garden fault zone
(e.g., James-Williamson et al., 2016). This fault system is likely responsible for Jamaica's last
two large (> Mw 6) earthquakes (i.e., the 1692 and 1907 events). Like in Haiti, both earthquakes
resulted in the combined deaths of ~4000 Jamaicans, destroyed infrastructure, triggered tsunamis
and slope failure events, and changed the hydrogeologic properties of the region.
Recognizing the effects of these earthquakes, the majority of tectonic analyses in Jamaica
has focused on mapping and determining the activity of faults within the EPGFZ. Significant
effort has been aimed at identifying active faults near Kingston, determining their recurrence
intervals and assessing their structural relationships to the EPGFZ (e.g., James-Williamson et al.,
2016; Benford et al., 2012). These studies have shown that the EPGFZ is a broad and
tectonically complex restraining bend that has been extending westwards across the island since
the mid-Miocene. However, they are limited because vegetation, steep terrain, human
development, and erosion have masked a significant portion of the fault record. Hornbach et al.,
(2011) aimed to overcome this limitation by also analyzing fault systems within the closest
shallow marine environment to Kingston -- i.e., the Kingston Harbor. Their results implied that
the Harbor hosts a normal fault that is possibly related to the Long Mountain Fault system.
Unfortunately, Hornbach et al., (2011) could not determine the timing of recent activity as they
lacked the sediment age-dating data required to do so.
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Liquefaction and beach sediment research in Jamaica research is limited in spatial extent.
Most studies focused on determining the peak ground acceleration needed for failure along the
Palisadoes Complex Spit and Port Royal Beach. These regions are targets because they have
received at least three episodes of liquefaction within the past century. McDonald (2013) and
McDonald et al., (2013) showed that earthquakes capable of generating > 0.25 g of ground
acceleration would likely cause slope instability along the spit and beach. They further forecast
that these earthquakes could occur 2-3 times per century in Jamaica. Because the studies used
empirically derived shear wave velocity models, the analyses remain first-order and need to be
improved via the collection of shear wave velocity data. My works in Jamaica have focused on
extending the initial results of Hornbach et al., (2011) and McDonald et al., (2013).
I extend Hornbach et al., (2011) 's work by analyzing an additional ~150 km of seismicreflection profiles and 11 sediment cores in the Kingston Harbor. Results from my analyses
indicate that the Harbor host a strike-slip fault system whose recent, Holocene, deformation
concentrates along the Harbor's southern boundary. The Harbor fault system represents an
extension of the Bull-Bay Strike-Slip fault in Eastern Jamaica and could generate a Mw 4.6-6.8
earthquake within Eastern Jamaica. Geotechnical engineers have not accounted for such an
earthquake within Jamaica's existing peak ground acceleration maps and building codes. The
inclusion of this fault should improve seismic hazard assessments in the region.
I extend McDonald (2013) 's work by using seismic and sediment properties data to
assess how beach sand properties change with space and time since deposition. My results reveal
that seismic velocities increased with sediment age. The results also showed that the sediments'
composition, grain size distribution, and lithology did not significantly change with space or
time. I favor the interpretation that microstructural grain rotation and slippage may be the most
3

likely cause of increased seismic velocities with time. Another possibility that is that the
monotonic increases or decrease to the sediment properties with time exist but was not detectable
by the methods used in this study. This possibility could not be ruled out and therefore requires
further studies.
1.3 Hispaniolan Focused Study
After the 2010 Haiti earthquake, many studies focused on describing the societal effects of
the earthquake and, understanding structural accommodation within the Haitian section of the
EPGFZ. I focused on determining the causes of flooding in Lakes Enriquillo and Azuei, located
5 km away from each other in Hispaniola. The EPGFZ bisects both lakes. Both lakes are also
bordered by thrust faults in the north and south. My analyses demonstrate that the lakes flooded
due to increased precipitation from hurricanes. These hurricanes lead to changes in the stream
and lake system, which ultimately increased the flux of water entering the lakes. The lakes also
experience periods of hydraulic connectivity, whereby decreases in lake levels at Lake Azuei
correlated to increases in Lake Enriquillo's water level. These changes closely correlated with
earthquake shaking in the region. Further studies of the lakes are needed but my study presented
an important step towards understanding the complex relationships between climate change and
tectonics within the EPGFZ.
1.4 Chapter Guides
I present the details of each study in separate chapters. Chapter 2 describes active faulting
in Eastern Jamaica. Chapter 3 documents the spatiotemporal changes to beach sands at Port
Royal Jamaica. Chapter 4 discusses the causes of spatiotemporal changes to Port Royal sand.
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Chapter 5 describes the relationships between lake flooding, climate change and tectonism in
Hispaniola. Finally, I provide a summary of the findings and future works in Chapter 6.

Figure 1.1 (A) Regional map shows that Jamaica is bisected by the Caribbean Plate and the
Gonave Microplate. The country experiences intraplate shearing as a result. Map also shows the
locations for the major plates in the region. These plates are bounded by the Enriquillo-Plantain
Garden Fault Zone (EPGFZ), the Walton Fault Zone (WFZ), the Oriente Fault Zone (OFZ) and
the Cayman Spreading Center (CSC). (B) Map of Eastern Jamaica showing the locations of
mapped faults and major tectonic structures that create the restraining bend flower structure.
Abbreviations – LM (Long Mountain), DM (Dallas Mountain). Fault locations are adopted from
Wiggins-Grandison and Atakan (2005), Benford et al., (2012) and James-Williamson et al.,
2014). (C) Map (blue box in Figure 2.1B) which also shows faults, lineaments and earthquakes
locations.
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Figure 1.2 A map that focuses on Lake Enriquillo’s drainage basin and the hydrologic
connection between the water bodies within and outside of the basin. Water body locations that
have undergone hydrologic changes since 2003 are boxed and numbered; white lines indicate
streams or man-made channels; gray lines within the lakes are the seismic track lines. The map
also shows the pattern of the lake’s areal growth since 2004 and the location of the EnriquilloPlantain Garden Fault zone (EPGFZ). Since 2004 the lake has grown significantly more easterly
or westerly than northerly or southerly.
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CHAPTER 2

NEOTECTONICS OF SOUTHEAST JAMAICA DERIVED FROM MARINE SEISMIC
SURVEYS AND GRAVITY CORES

Tectonics in Southeast Jamaica is poorly understood, but the region may contain
currently unknown faults that could generate large magnitude earthquakes. This study constrains
tectonics in Southeast Jamaica by collecting and analyzing seismic and shallow sediment core
data in and around Kingston Harbor. Seismic results reveal a previously unrecognized strike-slip
fault system that accommodates strain via a complex mix of compression and extension. The
faults appear to be a blind extension of one major fault (i.e., The Bull Bay Strike-Slip Fault)
within the Enriquillo-Plantain Garden Fault Zone. This fault system may represent significant
hazards to Kingston Jamaica because the fault is active, located less than 5 km from the city and,
a complete rupture of the fault could generate a Mw 5.8-6.9 earthquake. My analyses highlight
the need for continued paleoseismic studies both onshore and offshore Jamaica.
2.1 Introduction
Jamaica experiences transpression due to oblique convergence between the Gonave
Microplate and Caribbean Plate whose plate boundary bisects the island (Figure 2.1; Mann et al.,
1985; Rosencrantz & Mann, 1991; Benford et al., 2012). The Gonave-Caribbean boundary is
defined by the Enriquillo-Plantain Garden Fault Zone (EPGFZ) in the east and the Walton Fault
Zone (WFZ) in the west (Figure 2.1; Horsfield, 1974; Mann et al., 1985). Seismicity is greatest
in the east where the EPGFZ (Wiggins-Grandison, 2001; Wiggins-Grandison and Atakan, 2005;
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Demets & Wiggins-Grandison, 2007; Salazar et al., 2013) manifests as a broad and tectonically
complex flower structure (Figure 2.1; Mann et al., 1985; Mann et al., 2007; James-Williamson et
al., 2014). Fault zone deformation mainly includes thrusting and folding within the several
mountains in Eastern Jamaica (e.g., the Wagwater, Dallas, Long and Blue Mountains) as well as
sinistral motion along the Plantain Garden and Cavaliers faults, which define the main plate
boundary (i.e., the EPGF) (Figure 2.1). Though the EPGF is thought to be the primary source for
large magnitude (> Mw 6) earthquakes, moderate to large earthquakes (e.g., 2010 Mw 7 Haiti
event) may have also occurred along previously unknown, blind or poorly constrained faults that
accommodate strain from the EPGF (Wiggins-Grandison and Atakan, 2005; Bakun et al., 2012;
Hayes et al., 2010; Koehler et al., 2013). Recent studies also show that deformation is often
concentrated along blind fault systems that are either adjacent to, extend away from, or connect
at depth with the EPGF (e.g., Wang et al., 2018; Corbeau et al., 2016).
Currently, few data exist to constrain the location of active blind or buried faults in
Jamaica. Fault masking occurs because steep or rugged terrain, sedimentation, vegetation and
human-development limit fault exposure (Koehler et al., 2013). In cases where faults are exposed
and mappable, erosion and lack of age-dating data often compromise efforts to estimate tectonic
deformation rates (Koehler et al., 2013). Field observations are sometimes supplemented with
campaign GPS data but tectonic deformation constrained from these studies often have relatively
high uncertainties due to the limited spatial and temporal coverages of the GPS networks used
(e.g., Demets and Wiggins-Grandison, 2007; Benford et al., 2012). Studies relying on passive
source seismic data also produce first-order tectonic deformation results due to the limited spatial
coverage of the seismographs whose data analyses often result in km-scale earthquake location
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uncertainties, poorly constrained velocity models and few high-quality focal mechanisms
(Wiggins-Grandison and Atakan, 2005; Demets and Wiggins-Grandison, 2007).
One way to better constrain subsurface fault geometry and paleoseismic deformation is
through the collection and integration of active source seismic data and sediment cores. Marine
seismic-reflection profiles show that the EGPF follows a clear linear bathymetric trend east of
Jamaica (e.g., Corbeau et al., 2016). Seismic-reflection profiles also show that extensional faults
are present offshore, south of Kingston Jamaica (Figure 2.1; Burke, 1967; Hornbach et al., 2011).
To date, the age of the EPGF and its connections with onshore faults remain unclear. Further
imaging along with dating of sediment cores above or near these offshore extensional faults can
however provide a way to place age constraints on tectonic deformation.
My study addresses the relationship between onshore and offshore faults in the tectonically
complex region of southeast Jamaica, near Kingston (Figure 2.1). It builds upon the works of
Burke (1967) and Hornbach et al., (2011) by supplementing their datasets with ~260 km of
additional seismic-reflection data within the Kingston Harbor, age dating constraints from
seismic, sediment core and sea level curve analyses, and existing field mapping data (Figure 2.1).
My results suggest that Kingston Harbor contains an active offshore strike-slip fault system that
likely accommodates strain from an on-land fault (i.e., the Bull Bay strike-slip fault) associated
with EPGFZ. Empirical relationships between earthquake magnitude and length (Wells and
Coppersmith, 1994) indicate that the newly identified fault system could generate large (Mw 5.86.9) earthquakes.
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Figure 2.3 (A) Regional map shows that Jamaica is bisected by the Caribbean Plate and the
Gonave Microplate. The country experiences intraplate shearing as a result. Map also shows the
locations for the major plates in the region. These plates are bounded by the Enriquillo-Plantain
Garden Fault Zone (EPGFZ), the Walton Fault Zone (WFZ), the Oriente Fault Zone (OFZ) and
the Cayman Spreading Center (CSC). (B) Map of Eastern Jamaica showing the locations of
mapped faults and major tectonic structures that create the restraining bend flower structure.
Abbreviations – LM (Long Mountain), DM (Dallas Mountain). Fault locations are adopted from
Wiggins-Grandison and Atakan (2005), Benford et al., (2012) and James-Williamson et al.,
2014). (C) Map (blue box in Figure 2.1B) which also shows faults, lineaments and earthquakes
locations.
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2.2 Tectonic and Geomorphic Background
2.2.1 Tectonic Evolution of the EPGFZ in Eastern Jamaica
The EPGFZ is narrow and well-defined offshore Jamaica (Corbeau et al., 2016) but poorly
constrained on the island where the fault zone manifests as a flower structure that has been
expanding southwestward since the Middle Miocene (Figure 2.1; Horsfield, 1974; Wadge and
Dixon, 1984; Mann et al., 1985; Mann et al., 2007; James-Williamson et al., 2014). By the
Middle to Late Miocene, submarine extensional half-grabens were actively subsiding in Eastern
Jamaica (Horsfield, 1974; Wadge and Dixon, 1984; Mann et al., 1985). Middle Miocene to
early-Pliocene sinistral motion and transpression along the Plantain-Garden fault (including the
interactions between the westward moving Gonave Microplate and pre-existing structures)
created a sigmoidal shaped fault zone that hosted an uplifted fold and thrust structure (i.e., the
Proto-Blue Mountain) at its center (Figure 2.1; James-Williamson et al., 2014). Uplift within
Proto-Blue Mountain dynamically loaded and caused subsidence within the region to the south
(i.e., the St. Thomas Shelf) (Figure 2.1; James-Williamson et al., 2014). Continued earlyPliocene to early-Pleistocene transpression eventually led to a southwestward extension of the
sigmoidal fault zone. Its new boundary developed along the northwest trending reverse faults
that define the western edge of the Wagwater Belt and along an inferred west-east trending
strike-slip fault in offshore southern Jamaica (Figure 2.1; James-Williamson et al., 2014). Strain
accommodation within the fault zone likely included inversion, uplift and subaerial exposure of
the structures within the Wagwater Belt and St. Thomas Shelf (Figure 2.1; Mann et al., 1985;
Mann et al., 2007; James-Williamson et al., 2014).

11

Since the late Pleistocene, deformation within the EPGFZ has been dominated by thrust
faulting and continued strike-slip, including along the Cavaliers and Plantain-Garden faults
which now represents the main plate boundary fault (Figure 2.1; Horsfield, 1974; Wadge and
Dixon, 1984; Mann et al., 1985; Mann et al., 2007; James-Williamson et al., 2014). Strike-slip
faulting may have also stepped southwards along an active fault that trends subparallel to the
Palisadoes Complex Spit– herein referred to as the Bull Bay Strike-Slip Fault (Figure 2.1; JamesWilliamson et al., 2014). Active thrusting has continued within the Blue Mountain and
Wagwater Belt where average uplift rates of 1-2 mm/year have occurred since the late Miocene
(Cochran et al., 2017). Holocene aged uplift may also exist at Port Henderson Hill, located ~40
km southwest of the Blue Mountain (Figure 2.1; Abbott et al., 2016).
Current uncertainties for the EPGFZ include, but are not limited to, the nature of the
South Coastal sinistral fault zone (SCFZ) and the Long Mountain fault system (LMFS) (Figure
2.1). The SCFZ exhibits evidence for left-lateral deformation on-land in Southcentral Jamaica
(Koehler et al., 2013) but its offshore trend and timing of latest activity is currently unclear.
Based on bathymetric, passive source seismic and geodetic data, some studies hypothesize that
the SCFZ continues offshore (i.e., South Central and Eastern Jamaica) (Figure 2.1) and that
motion along faults within the SCFZ likely contributes to active deformation within the EPGFZ
(e.g., Draper, 2008; Benford et al., 2012). To date, the SCFZ’s age, rate of motion and
relationship with on-land faults in Eastern Jamaica are poorly constrained. While Benford et al.,
(2012) suggest that the onshore fault systems cause shortening offshore Kingston, their results
contrast with Burke (1967) and Hornbach et al., (2011) who provide evidence for active normal
faulting. Draper (2008) suspects that the LMFS is perhaps one of the youngest (Holocene aged)
structures within the EPGFZ. Draper (2008) and Hornbach et al., (2011) interpret a scarp along
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the western edge of the LMFS as a west-dipping normal fault (i.e., the Long Mountain Fault).
Hornbach et al., (2011) inferred (using marine seismic data) that this normal fault extends
through the northeast corner of the Kingston Harbor.
Together, the limited existing data indicate that active deformation is concentrated not
only on relatively older structures such as the Blue Mountains, Wagwater Belt, and the Plantain
Garden Fault but also along Holocene structures located between the Cavaliers Fault and SCFZ –
i.e., within the Kingston Region. A more detailed tectonic analysis of Kingston Harbor area
(Figures 2.1 and 2.2) is therefore expected to provide insight into the evolution and tectonics of
Southeast Jamaica.
2.2.2 Evolution of the Kingston Harbor Area
The shallow marine environment south of Kingston Harbor (Figure 2.2) likely developed in 5
stages (Goreau and Burke, 1966). (1) During the Sangamonian (~80 to 125 ka), the region hosted
carbonate platforms that grew while sea level was high (Steers, 1940; Goreau and Burke, 1966).
(2) Subsequent interglacial sea level low stands lead to erosion of the carbonate platforms down
to ~40 m below sea level (mbsl) (Goreau and Burke, 1966). During this time and likely
afterward, the Liguanea Fan – fed by the Hope River – prograded up to ~2 km south of the
current position of the Palisadoes Complex Spit (Figure 2.2) (Goreau and Burke, 1966). (3) The
migration of the fan halted when the Hope River was diverted eastwards between Dallas and
Long Mountains – the Hope River diversions occurred possibly due to uplift of the Dallas and
Long Mountains (Goreau and Burke, 1996; Draper, 2008). (4) As sea levels rose near the end of
the late Pleistocene, sediments deposited offshore by the Hope River were transported westward
via longshore drift (Goreau and Burke, 1966). Some sediments were captured by carbonate reefs
and gravels that extended westwards from the protruding edge of the island that currently
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connects the Palisadoes Complex Spit to the mainland (Steers, 1940; Goreau and Burke, 1966).
(5) Continued late Pleistocene-Present sea-level rise and sediment capture created the Palisadoes
Complex Spit – i.e., a sand spit that eventually connected to the island known as Port Royal
(Steers, 1940; Goreau and Burke, 1966) (Figure 2.2).
Currently, the Harbor is connected to a shallow inlet known as Hunt’s Bay (Figure 2.2).
Both water bodies receive sediments from fluvial channels, human-made gullies, overland flow
and wind (Andrews et al., 1998). Sediments within the upper 100 cm of Hunts Bay (Figure 2.2)
are mostly non-laminated muds and silts (Figure 2.3). Sedimentation rate in the northeastern
section of Hunts Bay is relatively high (2.6 cm/year for the upper 70 cm) (Andrews et al., 1998).
The southwestern part of the Harbor contains mostly sands (Andrews et al., 1998). There are no
known (to my knowledge) direct estimates for sedimentation rates in the Harbor. It is also
unclear if and how tectonic activity has deformed the sediments in the Harbor.
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Figure 2.4 (A) Map shows the Kingston Harbor and Hunts Bay. The map also shows drainages
that supply sediments to the Harbor as well as collection sites for all 2-D seismic profiles and
sediment cores. The images of the highlighted (colored) seismic lines are shown in Figure 2.4.
The red dashed line along the tombolo represents the location of a refraction survey line (Goreau
and Burke (1966). (B) This schematic shows Goreau and Burke (1966)’s interpretation of the
refraction survey line (red dashed line in Figure 2.2a). The lowermost layer corresponds to
Pleistocene carbonates that were deposited in conjunction with rising sea levels. The middle
layer is the late-Pleistocene aged Liguanea fan gravels that prograded across the region and, the
topmost layer is sandy sediments.
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Figure 2.5 Images show the five cores collected within the Kingston Harbor. Pb-210 analyses
were conducted on three of the cores. Core collection locations are shown in Figure 2.2A.
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2.3 Approach for Assessing Tectonic Deformation within Eastern Jamaica
I assess tectonics and sedimentation in the Harbor by collecting and analyzing sediment cores
and active source seismic data (Figure 2.2). I use the cores (Figure 2.3) to constrain patterns and
rates of recent sedimentation and use seismic data, along with existing geologic data, to provide
relative and absolute dates of sediments as well as to infer tectonic deformation (Figures 2.42.8). After that, I integrate seismic and core data with results from existing field mapping studies
to assess the relationship between offshore and onshore faults.
2.3.1 Coring Data Collection and Analyses
I collected 11 short (33-100 cm) sediment cores (named J1-J11 in Figure 2.2) using either
metal push corers or plastic gravity cylinder corers that freefall through the water column (Figure
2.2 for locations). Seven (J1-J7) are 33-100 cm long gravity cores collected in the south-central
section of the Harbor; two cores (J8 and J9) are ~60 cm long gravity cores collected in the
northeastern section of the Harbor and, the final two (J10 and J11) are ~100 cm long push cores
collected in the southwestern section of the Harbor.
I capped and shipped cores J1-J9 and, J10 and J11 to Lamont-Doherty Earth Observatory
and Texas A&M University, respectively. There, I split each core vertically and described the
grain size, Munsell color, bioturbation zones, sedimentary structures, bed thickness and apparent
dip and, the nature of the contact between beds (i.e., whether the contacts between the beds are
conformable, sharp, gradation and/or wavy etc.). I also estimated sedimentation rates using
excess (xs) Pb-210 isotope dating of sediments in cores J1 and J8. For this, I calculated a
deposition rate that is equal to the product of the Pb-210 radioactive decay constant (0.0311 yr-1)
and the rate of change in the base 10 log of the excess Pb-210 as a function of cumulative
sediment thickness. I estimate the excess Pb-210 [in disintegrations per minute per gram
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(dpg/m)] using a non-destructive gamma-ray bombardment analysis done with partially-full-tube
and full-tube efficiencies for cores J1 and J8, respectively, and I used the least-squares method to
linearly fit the log10 excess Pb-210 versus cumulative sediment thickness curves. The resulting
sedimentation rates represent averages (because of the linear fit) and are herein reported with 1sigma (68.2 %) uncertainties. While using sedimentation rates to constrain sediment age, I
assumed that sediments at the top of the core were deposited in 2013 – i.e., the year I collected
the cores. I made this assumption because Cs-137 analyses showed no detectable radioactivity
(possibly due to the low latitude and saline waters) and Be-7 data was not available.
2.3.2 Seismic Data Collection and Analyses
I collected a total of ~260 km of seismic-reflection profiles during three multi-year
campaigns between 2009-2013 (Figure 2.2). Data were collected using a Knudsen 3212 singlechannel, zero offset sub-bottom profiler, which uses a sweep frequency source (i.e., chirp with a
center frequency of 3.5 kHz) and match-filtering to process seismic data (e.g., Henkart, 2006).
The system records seismic data in the SEG-Y format and an internal GPS constrains each shot
and receiver position to within ± 5 m.
I loaded all data in Kingdom 2015 software, converted from two-way travel time to depth
assuming a compressional wave velocity of 1500 m/s, and plotted the data using amplitude,
hilbert, envelop and average energy seismic attributes. I traced and created 2-dimensional natural
neighbor interpolated maps of the main seismic horizons, identified erosional unconformities,
examined groups of reflections whose dips deviate significantly from horizontal and created
isopach maps for seismically distinguishable sedimentary units. I use results from these analyses
to both relatively date sediments using principles of superposition and cross-cutting
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relationships, and to ascribe absolute dates to sediments by associating anomalous (i.e., steeply
dipping) reflector packages with already dated geologic events in Jamaica's past.
2.4 General Basin Stratigraphy and Age-Dating Results
Kingston Harbor can be divided into two basins (herein referred to as the western and eastern
basins), which display distinctive bathymetric, sedimentary and seismic properties (Figures 2.22.5). The western basin has an irregular bathymetry and includes a narrow channel that allows
ships to enter the Harbor (Figure 2.2). In the western basin, the Harbor floor creates a zone of
transparency and/or acoustic masking that sometimes prevents deep penetrating continuous
return reflections (Figure 2.4a). Sediments within the upper 100 cm of the westernmost section
of the eastern basin are medium to coarse-grained sands and gravels interspersed with shell
fragments. Vacuoles are also relatively common, but it is unclear whether they are a natural,
caused by sediment dredging or disturbances during coring (see CJ10 in Figure 2.3). Sediments
towards the southeastern section of the western basin contain a mix of fine to medium grained
sands (see CJ1 in Figure 2.3). Excess Pb-210 within Core J1 (collected in the western basin)
decreases from 3.18-4.34 dpg/m to 0-0.58 dpg/m (Figure 2.3). This yields an average
sedimentation rate of 0.1-0.2 cm per year for the upper 14 cm; however, with only two points,
the uncertainty is relatively high, and it is difficult to determine whether sedimentation rates
were constant during deposition.
The eastern basin has a mostly flat (mean depth ≈ 10 m) harbor floor that rises along a
3.5-4° gradient towards the shoreline in the north, south and east (Figure 2.2). In the eastern
basin, I resolved continuous reflections up to 15 m below the harbor floor (Figure 2.4b). Seismicreflection profiles reveal an irregular basement (i.e. the top of the lowermost resolvable layer), 4
main seismic horizons between the basement and harbor floor (referred to as H1-H4 in Figure
19

2.4), a wedge-shaped group of chaotic reflections in the shallow subsurface, seafloor valleys that
cross-cut sea mounds and, erosional unconformities at the base of two prograding clinoforms
referred to as clinoform groups 1 and 2 (Figures 2.4 and 2.5).
Cores from the northeastern basin slope (see cores J8 and J9 in Figure 2.3) contain ~22
cm of mostly black unstratified muds that are overlain by 2-6 cms of either brown sands or greyblack silts. The black muds are underlain by alternating ~0.25-0.5 cm thick beds of black, brown
and grey sands, clays and silts. Some beds are conformably stratified whereas others are
deformed (i.e., tilted with apparent dips of 9-12º, offset or have wavy, convolute and fluidized
internal structures). Excess Pb-210 in one core (i.e., J8) increases stepwise from 4.28-6.16 to
7.58-8.15 dpg/m at 0-10 cm and 15-22 cm below the top of the core respectively (Figure 2.3).
This lack of exponential decay in excess Pb-210 with depth indicates that sediments within the
upper 22 cm of core J8 have undergone mixing/reworking such that older, less enriched xs-Pb
210 sediments have been transported to the top of the core (see McHugh et al., 2016 for
example). Accordingly, sedimentation rates cannot be directly estimated from core J8’s excess
Pb-210 decay profile.
2.4.1 Basement Geometry and Age Analysis
Three-dimensional interpolation of the basement reflections (Figure 2.5) shows that the top
of the basement shallow eastwards (from 9-20 mbsl). The geometry of the top of the basement
creates a bow-shaped valley that borders two triangular platforms (elevation = 18-22 mbsl) with
relatively steep margins (Figures 2.4b and 2.5). The floor of the bow-shaped valley is undulatory
in some sections and more evenly sloping in others (Figures 2.4 and 2.5). The bow-shaped valley
floor also hosts a series of raised or elevated structures/blocks (Figures 2.4b,2. 4c and 2.5). Here,
I suggest that the basement likely represents late Pleistocene aged Liguanea fan gravel because it
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is within 0-2 m of the top of the interpreted gravel on the tombolo (see Figure 2.2b). The
basement’s undulatory surface (Figures 2.4b and 2.4c) also indicates that it is, like the top of the
Liguanea fan gravels, an erosive surface (Figure 2.2b; Goreau and Burke, 1966).
2.4.2 Seismic Horizon Geometry and Age Analysis
The four main seismic horizons (Figures 2.4a, 2.4b and 2.5) and two erosional
unconformities (Figure 2.4a) provide information for relative sediment ages and the relative
continuity of sediment deposition in the Harbor. Horizons 1-4 generally have sub-horizontal
apparent dips (average = 0.1°), terminate against the basement (including the margins of the
triangular platforms), lack significant undulation and deepen southeastwards (Figure 2.5). The
horizons are not continuously traceable across the entire Harbor (Figure 2.5); however, this may
be attributed to changes in sedimentary properties and their seismic responses. For example,
relatively poorer seismic penetration in the western basin could be related dredging as well as the
fact that it contains relatively larger grain sizes which typically leads to greater attenuation of
CHIRP seismic signals. I choose not to interpret the lack of continuity of the Horizons as
products of erosion because I have only identified two main erosional unconformities within the
Harbor. The two erosional unconformities are between horizons 2 and 3 (Figure 2.4a). One is
between 17.4 and 21 mbsl and restricted to the northeastern section of the eastern basin (below
prograding clinoforms – see Figures 2.4b and 2.5) where it spans an area of 147, 883 m2. The
second is between 18 and 21 mbsl and restricted to the easternmost section of the eastern basin
where it spans an area of 940, 362 m2. Together, these observations indicate that sediments
imaged in the Harbor were likely deposited between the latest Pleistocene to present without
significant episodes of basin-wide erosion. Going forwards, most of the analysis will be focused
on the eastern basin where seismic penetration is better.
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2.4.3 Seafloor Sediment Wedge Geometry and Age Analysis
The seafloor wedge is imaged on the northeastern slope where it is overlain by ~1-2 cm of
sediments (Figures 2.4c, 2.5 and 2.7e). The wedge’s internal reflectivity is generally acoustically
incoherent (chaotic) or wavy (Figure 2.4c). The wedge thickens shoreward to 9.28 m. Its area
and volume are 290, 000 m2 and 762, 000 ± 21, 000 km3 respectively (Figures 2.4c and 2.5).
Cores J8 and J9’s (Figure 2.3) direct sampling of the top 100 cm of 4 m thick sections of the
wedge (Figure 2.5), along with its continuous yet wavy internal reflections, suggest that the
sediments are likely a mix of sands or finer grained sediments.
The seafloor wedge was likely deposited by a mass flow event. Support for this
interpretation comes from (1) other seismic and coring studies that have confidently associated
mass flow deposits with chaotic reflectivity (e.g., Moernaut et al., 2009; McHugh et al., 2011;
McHugh et al., 2014) and, (2) the sediments in cores J8-J9 which have either been mixed, reworked or deformed. Here, I interpret that a mass flow event could lead to less enriched Pb-210
at the top of cores J8 if, during transportation, the sediments skimmed the top of the seafloor.
Potential causes for the interpreted mass sediment flow deposits include strong ground
shaking during an earthquake, hurricanes that destabilize the Harbor slopes or anthropogenic
sediment dumping. Here, I prefer the earthquake-induced submarine failures interpretation
because (1) both the 1692 and 1907 Jamaican earthquakes caused beach floor submergence and
soft-sediment flowage within the Harbor (Sloane, 1694; Fuller, 1907), (2) while Hurricanes have
causes seiches, there are no known reports of hurricanes triggered mass wasting deposits within
the Harbor, and (3) there are no known reports of any businesses or government agencies
dumping 762, 000 ± 21, 000 km3 of sediments within this or any section of the Harbor. A mass
flow event and/or earthquake shaking could is also more likely to cause the sediment
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deformation observed in the cores (i.e., tilted and fracture beds, convolute structures and
fluidized sediments) (e.g., McHugh et al., 2011; McHugh et al., 2014). These deformation
features could also be the results of disturbance during coring but the combined evidence from
seismic and xs-Pb 210 data leads me to interpret that these deformation features are likely
natural.
Compared to the 1692 earthquake, I propose that the ground shaking during the 1907
earthquake is the more likely cause of the mass flow event because only reports from this event
show that Rockfort (the community adjacent to the mass flow deposits) experienced liquefaction
that caused tilting of the land and trees, coastal subsidence and lateral spreads (Fuller, 1907).
Based on this interpretation, I estimate that sedimentation rates along the northeast slope of the
Harbor were between 0.024 and 0.057 cm/year for the last 106 years.
2.4.4 Clinoform, Mount, and Depressions Geometry and Age Analysis
Clinoform groups 1 and 2 are represented by wedge-shaped groups of low-angle oblique
reflections respectively mapped on the northeastern and eastern basin slopes within the eastern
basin. The tops of the clinoforms thin seawards (13-19 mbsl) and their bases are represented by
sub-horizontal erosional unconformities located between 18 and 21 mbsl.
Both clinoforms line the foot of/or extend away from a sea mound (Figures 2.4b and 2.5).
The mound adjacent to clinoform group 1 (named mound A) is crosscut by two rectangularshaped (in profile view) valleys (Figure 2.4d). This mound is 240-590 m west of a present-day
onshore river (Figure 2.5). The mound adjacent to clinoform group 2’s (named mound B) is
within a few meters of the mouths of abandoned (within the last 400 years) tributaries of the
Hope River (Figure 2.5); however, I did not identify a valley that down cuts into this mound.
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I interpret that the valleys and mounds are fluvio-deltaic systems and that they likely
deposited the clinoforms because (1) the mounds and valleys are within 10-590 m from mouths
of present-day or ancient drainages and (2) the two rectangular-shaped (in profile view) valleys
(Figure 2.4d) that cross-cuts Mound A likely represent a floodplain with a smaller meandering
channel (Figure 2.5). I also suggest that the sediment drainages most likely deposited clinoforms
because the clinoforms thin and prograde seawards (indicating a landward source) and, are only
identifiable down dip from the valleys – i.e., at the foot of delta lobes in the eastern basin. Here,
the observation that both clinoforms have sub-horizontal bases at an average depth of ~19 mbsl
indicate that both clinoforms were likely deposited at the same time and possibly by similar
processes.
I use sequence stratigraphic analyses, and sea level curves from the Caribbean (Digerfeldt
and Hendry, 1987; Jackson, 2013) (Figure 2.6) and the world (Bianchi et al., 2011) to determine
the timing of and processes leading clinoform deposition. The clinoforms could have been
deposited either during a transgression or regression. Here, I interpret that the clinoform were
deposited during a transgression because clinoforms would not have been preserved if they were
deposited during the last global or regional regression [i.e., during the last interglacial period
(120-20 k.a.) when sea levels fell from ~9-120 mbsl]. Furthermore, there is there any evidence of
tectonic uplift that could induced a local regression in the Harbor.
For clinoforms to develop during a transgression, sedimentation rates need to be faster
than the rate at which sea level changes create accommodation space (Vail and Mitchum, 1977;
Posamentier and Morris, 2000). For Jamaica, this condition would have been best achieved
between 10-8 k.a. when sedimentation rates were likely high due to significant uptakes in
precipitation, heat and erosion (see Hodell et al., 1991; Martin et al., 1997; McFarlane et al.,
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2002 for examples). In shallow marine environments offshore Haiti (e.g., Rios et al., 2013),
sediments deposited under the Holocene sea level and paleoclimate conditions create a thick and
uniform zone of acoustic transparency in high-resolution chirp seismic data. This is similar to
what I observe above the clinoforms in the Harbor (Figure 2.4b). Furthermore, assuming a
constant sedimentation rate within this section of the Harbor (i.e., 0.024-0.057 cm/year) reveals
that the maximum age for the base of the clinoforms is 10.4 k.a. The above sea level,
paleoclimate, sedimentation rate and seismic reflectivity analyses therefore suggest that
clinoforms began to develop at the start of the Holocene.
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Figure 2.6 (A) Seismic image shows the typical reflectivity observed in the western basin of the
Harbor – i.e., the Harbor floor sometimes creates a masking effect that prevents deeper
penetrating continuous reflectors. (B) Seismic image shows the four main horizons, wedge of
prograding reflections and erosional unconformity. (C) Seismic image shows a wedge-shaped
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group of sediments that produces shallow chaotic seismic reflectivity. It also shows the four
main horizons in the Harbor. The wedge-shaped group of sediments most probably represents a
group of mass wasting deposit. The red and green rectangles show approximate locations for
cores J8-J9. (D) Seismic profile shows an example of the valleys and sea mounds in the Harbor.
The areal extent of each feature in (A)-(C) is shown in Figure 2.5. The four main seismic
horizons (Figures 4a, 4b and 5) and two erosional unconformities (Figure 2.4a) provide
information for relative sediment ages. Horizon 1-4 extends across the eastern Harbor, although
some are not continuously traceable across the entire basin (Figure 2.5). The horizons generally
have sub-horizontal apparent dips (average = 0.1°), terminate against the basement (including the
margins of the triangular platforms), lack significant undulation and deepen southeastwards
(Figure 2.5). The two erosional unconformities are between horizons 2 and 3 (Figure 2.4a). One
is between 17.4 and 21 mbsl and restricted to the northeastern section of the Eastern Harbor
(below prograding clinoforms – see Figures 2.4b and 2.5) where it spans an area of 147, 883 m2.
The second is between 18 and 21 mbsl and restricted to the easternmost section of the Eastern
Harbor where it spans an area of 940, 362 m2.

27

Figure 2.7 Diagram showing a 2.5-dimensional oblique view of the horizons as well as the areal
extents of the sea floor wedge, the clinoforms (interpreted from prograding reflectors) and
seafloor mounds in the Harbor. The brown image beneath horizons 1-4 is the basement.
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Figure 2.8 (A) Graph shows the Caribbean-wide relative sea-level curves adapted from Jackson
et al., (2003). The abbreviation WASL refers to Western Atlantic sea level. (B) Graph adapted
from McFarlane et al., (2002) shows sea interpretations for the relative wetness (precipitation
intensities) based on geochemical analyses of sediments and or fossils in Jackson Bay Jamaica,
Lake Miragoane Haiti and Lake Valencia Venezuela.

2.5 Tectonic Deformation within Kingston Harbor
The above stratigraphic analysis indicates that the age of the top-of-basement surface and
horizon 2 is latest Pleistocene and Holocene respectively. It also suggests that Holocene
sedimentation rates (derived from geochemical studies of cores and seismic stratigraphy) are
between 0.05-0.20 cm/year. Here, I use the age-dating results as well as sediment thickness
(determined from the seismic horizons), dip, offset and terminations to identify faults, assess
their relative motion and estimate their timing of movement. My analyses focus on determining
whether the linear boundaries of the triangular platforms (henceforth referred to as platform
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boundaries 1-3) and elevated blocks within the basement and seafloor are associated with active
tectonics in eastern Jamaica (see Figure 2.7).
2.5.1 Sediment Deformation Analysis
Platform boundary 1's mean strike and total length is N53W and 4.1 km, respectively (Figure
2.7a). The thickness of the shallowest unit adjacent to the northwesternmost 1.5 km of the
platform boundary (referred to as platform boundary 1A) is 1.4-1.8 m for the first 200-600 m
from the north but thickens and folds (concave upwards) within the last 505 m of the platform
boundary prior to terminating via onlap unto the boundary (Figure 2.7b). The lower unit adjacent
to platform boundary 1A both thickens towards the platform and southeasterly along strike of the
platform. The unit tilts towards the platform boundary with an apparent dip between 0.1° and
0.3°. East of platform boundary 1A, all units (except for the shallowest unit) thicken and slightly
tilt (apparent dips = 0.1-0.7°) towards the platform boundary (Figures 2.7a and 2.7c).
Platform boundary 2 is 2.6 km long, and its mean strike is N50E (Figure 2.7a). The
thickness of the shallowest unit adjacent to the platform boundary remains constant (1.4-1.8 m)
towards the platform boundary (Figure 2.7d). The unit’s mean apparent dip is 0.01°. All deeper
units (i.e., units 2-5) show some degree of thickening but only very slight tilting (i.e., 0.01° and
0.20° apparent dips) towards platform boundary 2 (Figures 2.7a and 2.7d). The units also exhibit
varying degrees of thickening along strike of the platform boundary.
Platform boundary 3 is 2 km long, and its mean strike is N45W (Figure 2.7a). The
northern 0.2 km of this platform boundary is bordered by one to two 5-7 m high elevated blocks
(e.g., Figures 2.7a, 2.7d and 2.7e). All units adjacent to these structures either thicken and
progressively increase their dips towards the fold surfaces (e.g., Figure 2.7e) or slightly fold
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above it (e.g., Figure 2.7d). Except for the shallowest unit (which maintains its thickness), all
units above and south of the fold structures thicken but do not significantly tilt with depth.
Along with the linear platform boundaries, I also observed and assess at least three other
noteworthy structures for possible evidence of tectonic deformation. They include the elevated
blocks within the bow-shaped valley, the tilting of the easternmost triangular platform and, the
elevated blocked within the seafloor located directly above the easternmost platforms (Figure
2.7).
The elevated blocks within the bow-shaped valley trend in a direction N78W between
platforms 1 and 2 (see trends in Figures 2.7a, 2.8b and 2.8d and, see elevated blocks in Figures
2.7d and 2.7e). Sediments generally (e.g., see Figures 2.4b, 2.7d and 2.7e) thicken, progressively
tilt and rotate towards the blocks. Sediments also sometimes thin within the last 50 m before
terminating via onlap (e.g., see Figures 2.4b, 2.7d and 2.7e). Sediments above some of the blocks
are slightly folded (Figure 2.7e).
The larger triangular platform tilts (mean apparent dip = 0.1°) towards the southwest and
sediments above it thicken to the southwest (Figures 2.7a, 2.7d, 2.7e, 2.8b and 2.8d). Sediments
terminate against a 5-7 m high (relative to the platform surface) structure that trends east southwest for at least 3.2 km along the southernmost edge of the platform (e.g., Figures 2.7a and 2.7e).
The seafloor directly adjacent to the foot of this structure hosts a disconnected group of 0.75-1.5
m folds (e.g., Figure 2.7e) that trends for 3 km parallel (W-E) to the block (see Figures 2.7a, 2.9b
and 2.9d for trends).
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2.5.2 Sediment Deformation Interpretations
Of the three platforms boundaries, I only observed deformed sediments adjacent to the
northwestern sections of platform boundaries 3 and 1 (Figures 2.7b, 2.7d and 2.7e). Here, I
interpret the northwest 0.9 km of platform boundary 3 as a fault because the adjacent
Pleistocene-aged deposits show evidence for syntectonic deformation [i.e., sediments are
progressively steeper with depth and thicken towards the platform boundary (Figure 2.7e)]. I also
interpret platform boundary 1A (Figure 2.7b) as a fault because the adjacent sediment
deformation (i.e., concave folding before termination via onlap) is similar to drag folds that
develop due to upthrown motion along a fault’s hanging wall. It could also occur due to
extensional tectonism along a listric fault which I tentatively rule out because platform boundary
1A appears planar. I did not find clear evidence for similar syntectonic sediment deformation
along other sections of both platform boundaries (Figure 2.7c). This observation implies that the
faults bounding platforms 3 and 1 may have different rupture histories.
Syntectonic deformation was also not found along platform boundary 2 as sediments
thickened along strike but show no progressive tilting with depth (Figure 2.7d). Since the
platform boundary is located between two faults and its strike is the only one (of the three
platform boundaries in the Harbor) favorably oriented for extension under Jamaica’s midMiocene to present sinistral stress regime, I infer that platform boundary 2 may represent a
normal fault that has been relatively inactive or has had mostly fault parallel motion since at least
the late Pleistocene. Given that the analyses suggest that all the platforms are bound by faults, I
will henceforth refer to platform boundaries 1-3 as faults 1-3.
The elevated blocks in the bow-shaped valley could be interpreted as the bathymetric
expressions of blind faults, carbonate reefs or left-over sediment build ups after erosion or
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deposition. The strike of the elevated blocks have linear trends, and sediments thicken and
progressively dip towards some of the blocks. These features could be the result of blind enechelon strike-slip faults (e.g., Mann et al., 1983; Wu et al., 2009) but more data is needed to
determine whether the sediment deformation is the result of sediment compaction or active
faulting. An ancient river is another geologic feature that could produce a series of left over
blocks but it is unclear why this would trend in an east-west as opposed to the general northsouth direction of all other streams direction within this region.
I interpret that an active fault zone deforms the triangular platform (i.e., faults 2-3's
footwall). The southwestward tilting of faults 2-3 footwall that coincides with sediment
thickening may be explained by active faulting along the 3 km-long elevated structure adjacent
to the sea floor folds (Figure 2.7E). Furthermore, I suggest that this is an oblique-slip fault zone
because disconnected pairs of seafloor folds (especially those extending linearly for over 3000
m) are common expressions of buried flower structures (e.g., Mann et al., 1983; Wu et al., 2009;
Corbeau et al., 2016).
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Figure 2.9 (A) Map shows a total sediment thickness between the harbor floor and basement,
track lines seismic profiles collected across the harbor (dashed grey lines) and the outline of the
triangular platform (thick grey solid line). The seismic profiles for the pink, green, blue and gold
highlighted seismic track lines are shown in Figures 2.7B-2.7E respectively. Figures 2.7A-2.7C
shows that up to 3 seismically distinguishable sedimentary units terminate against or continue
above platform boundary 1. Figures 2.7A and 2.7d shows that three to four seismically
distinguishable units terminate against platform boundaries 2-3, and 1-2 units continue above
them. I interpret all three platform boundaries as a fault. These are later referred to as faults 1-3. I
also interpret that folds within the basement and harbor floor were deformed due to active
faulting.
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2.6 Discussion
2.6.1 Strain Accommodation with the Fault System
Overall, my sediment deformation analyses indicate that the Harbor host at least 4 faults
whose activity has created a Pliestocene-aged basin that is currently being deformed along the
southern boundary of the Harbor. Fault 3 is the only one that has deformed late Pleistocene
sediments whereas the strike-slip fault on the southern border of the Harbor is the only one that
has deformed Holocene sediments.
Vertical upwards motion of the hanging wall of fault 1A (previously referred to as
platform boundary 1A), alongside tilting of the footwalls of faults 2 and 3 likely occurred after
active slippage along faults 1-3. Here, I interpret that fault 1A extends eastwardly across the
Harbor where it connects with the interpreted fault that cross-cuts faults 1-2’s footwall (Figure
2.8). Both faults (i.e. fault 1A and the cross-cutting footwall fault) may be part of a larger
oblique-slip fault system, which, consistent with other studies, increases or decreases its
displacement and method of strain accommodation based on its strike and local crustal structures
(e.g. McClay, 1997; Mann et al., 1983; Seeber et al., 2006). Scissoring downward (towards the
west) motion followed (or accompanied) by uplift along this fault could, therefore, explain not
only why fault 1A is the only fault with adjacent compressional sediment deformation within the
Harbor but also the tilting of the footwall of faults 2 and 3.
2.6.2 Relationship between Onshore and Offshore Faults
Fault 1A is the only fault that connects to a known offshore fault system (i.e., the Bull Bay
Strike-Slip Fault) (Figure 2.1). Fault 2 is terminated by both fault 1 and 3 and is therefore
unlikely to be connected to any known offshore faults. Both fault 3’s southeastward and
northwestward projections align with thrust faults. Because fault 3 is either a normal or dip-slip
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fault, I interpret that fault 2 is unlikely to be an extension of these thrust faults (Figure 2.1). I
previously interpreted that fault 1A is an extension of the interpreted strike-slip fault that trends
east-west within the hanging walls of faults 2 and 3. Here, I also interpret that these Harbor faults
represent an extension of the Bull Bay Fault because both are oblique-slip/strike slip systems and
they have roughly the same strikes (Figure 2.1).
Identification of the extension of the Bull Bay Fault is important for seismic hazard
assessment within southeastern Jamaica. Empirical relationships between fault length and
magnitude (Wells and Coppersmith, 1994) indicates that a complete rupture of this fault
(interpreted to be ~22 km-long when harbor faults are included) could generate Mw 6.2-6.9
earthquake. Half the length of this fault may generate a Mw 5.8-6.5 earthquake. A Mw 5.8-6.9
event along the fault system could cause an unexpected level of damage because (1) Jamaica’s
seismic hazard maps only account for 5.8-6.9 Mw earthquakes on faults east of the Wagwater
Belt and (2), the faults trend within sedimentary basins which amplify seismic waves by factors
of 3-10 (Wiggins-Grandison et al., 2001; Salazar et al., 2013).
When the newly identified fault systems are analyzed in the context of the EPGFZ flower
structure, my analyses imply that Kingston Harbor is perhaps a microcosm for the rest of
Southeastern Jamaica. Strain accommodation within the EPGFZ in eastern Jamaica appears to
take one of two main forms – i.e. fault structure interactions either leads to (1) inversion of preexisting normal faults or, (2) extension and subsidence prior to inversion and uplift (Mann et al.,
1985; Mann et al., 2007; James-Williamson et al., 2014). The style of deformation within the
harbor fault system is consistent with (2) above as I show that motion along the Bull Bay StrikeSlip Fault (and possibly the Cavaliers Fault system) likely lead to Pleistocene extension and
subsidence along faults within the harbor followed by Holocene uplift. My analyses therefore
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show that the boundary of the EPGFZ, which was once thought to end at the LMFS, is likely
broader and perhaps more hazardous than previous studies recognized.
2.7 Conclusions
Offshore Kingston Harbor Jamaica hosts sedimentary facies dating from the late Pleistocene
to present. These facies include the Liguanea fan gravels, late-Pleistocene-present terrigenous
sands, prograding clinoforms, submarine slide deposits potentially triggered by earthquakes and
submerged fluvio-deltaic systems. In the eastern basin, the base of the Holocene is marked by
clinoforms that likely developed due to increased drainage associated with an increase in
precipitation and erosion. Current (Holocene-aged) tectonic deformation is localized along the
southern edge of the Harbor where strain is accommodated via structural folding and oblique-slip
motion.
The Harbor faults are a smaller part of a ~22 km-long sinistral fault system that could
generate a Mw 5.8-6.9 earthquake. This fault system (i.e., Bull Bay Strike-Slip Fault) is one of
the boundary faults for a flower structure that has been expanding southwestwards across eastern
Jamaica since the mid-Miocene. Its extension into the Harbor provides the first evidence that the
Enriquillo-Plantain Garden Fault Zone flower structure extends into Kingston, the capital city
where two-thirds of the population live.
My interpretations may be further tested by acquiring deeper penetrating seismic data and
sediment cores within Harbor, the Liguanea Fan and the South Coast of Jamaica. Such images
and cores may also allow future studies to improve the age-dating model presented in this paper,
examine the relationship between faults 1-3 and assess deformation rates in greater detail. Data
from the surveys may provide paleoseismic information that can be used to improve
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understanding of transpression, fault segmentation, accommodation, earthquake rupture
nucleation, and earthquake recurrence intervals.
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CHAPTER 3

THE EFFECT OF 180 YEARS OF AGING ON THE PHYSICAL AND SEISMIC
PROPERTIES OF PARTIALLY SATURATED SANDS: AN EXAMPLE FROM PORT
ROYAL BEACH JAMAICA

The physical and seismic properties of recently deposited beach sands vary in space and
time. Constraining these variations is important for understanding earthquake site response, subsurface fluid flow, and the early stages of sandstone lithification; however, there are currently no
detailed (cm-scale) quantification for how sand seismic velocities, composition (mineralogy,
cement fraction, grain size, sphericity, roundness and sorting), porosity and density change
following the first 1-2 centuries of deposition. Here, I assess if and how the seismic and physical
properties of vadose zone sands (upper 1.8-2.2 m) at a prograding beach in Port Royal Jamaica
has changed within the first 180 years after its deposition. I also assess whether past earthquake
and liquefaction events are correlated with physical changes to the sediments. My analyses of
legacy maps, trench sidewall cores and refraction surveys show that the compression and shear
wave velocities increase with sediment age whereas porosity, grain size, sorting, mineralogy and
cementation fraction remained relatively unchanged during the same period. I also observe no
significant physical sand property changes that are correlated with sedimentation rates or 3
moderate to large (> Mw 5) earthquakes that occurred in in 1907, 1957 and 1993, and induced
liquefaction at several locations deeper than 2 m below the surface of the beach. Based on these
results, I hypothesize that shallow beach sands likely undergo microstructural changes (e.g.,
grain rotation and slippage) that increase their elastic moduli within the first 2 centuries after
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deposition. The exact nature of these changes is unclear but represents an important topic of
future research.
3.1 Introduction
The physical properties of beach sands often vary in space and time (e.g., Bagnold, 1941;
Pryor 1973; Atkin and McBride, 1992; Prodger et al., 2016). These variations control subsurface
fluid flow and sediment strength, and are therefore important for understanding slope stability,
earthquake induced liquefaction, shoreline evolution, seawater intrusion and upwelling,
sandstone formation, and the development of oil and gas reservoirs (e.g., Morelock 1969;
Houseknecht, 1970; Lundegard 1992; Dugan and Flemming, 2002; Crowe and Mine, 2013).
Direct analysis of sands can be time consuming, expensive and sometimes difficult. For
example, scientific drilling rarely penetrates deeply into sand bodies, and when it does, full
sediment recovery is sometimes not achieved (Miller et al., 1994; Austin et al., 1998). Multiple
studies have used small (< 1 m long) push cores to assess contemporary spatial variations to
sediment mineralogy, grain size and sorting within the upper meter of the beaches (e.g., Bagnold,
1941; Prodger et al., 2016) whereas only two studies (e.g., Pryor 1973; Atkin and McBride,
1992) have directly assessed spatial changes to porosity, packing and permeability of siliciclastic
beach sands. To date, no study has directly assessed how the combination of sediment porosity,
grain size, cement fraction, density, mineralogy and sorting change on centennial or longer time
scales and on cm-scales. Instead, changes to porosity and density are typically inferred from a
combined analysis of seismic, resistivity and electromagnetic surveys and, rock physics, and
compaction modeling (e.g., Avseth et al., 2000; Storvoll and Brevik, 2008; Shen et al., 2016).
These indirect approaches have been successful for studying relatively deep buried (100s-1000s
of m) sands but is limited for shallow (< 30 m) unconsolidated sediments where spatial
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resolution is typically low and rock physics and compaction models perform poorly (Winkler
1983; Bacharach et al., 1998; Bachrach and Nur, 1998; Zimmer et al., 2007; Shen et al., 2016).
Results from these studies demonstrate that, though difficult and time consuming, indirect
seismic data analyses should be combined with direct sediment analysis because the direct
analyses still provide the best constraints on centimeter to meter scale spatial variations in the
physical properties of beach sands. The results also demonstrate that a clear understanding of
how the physical properties of clean siliciclastic beach sands change in space and time,
especially within the first century after deposition, is not yet available.
My study builds upon previous works [e.g., Pyor (1973) and Atkins and McBride (1992)]
by determining whether the sands’ porosity, density, mean grain size, sorting, fluid saturation
percentage, cement fraction and seismic velocities change with age. I do this using both direct
(i.e., in situ coring analysis) and indirect (seismic) analyses of vadose zone sediments at the Port
Royal beach Jamaica (Figures 3.1 and 3.2). This beach is a relatively good location for a
sediment aging study because its depositional and deformational (i.e., liquefaction) histories are
well-constrained for the past ~425 years (e.g., Goreau and Burke, 1966; Sloane, 1962; Fuller,
1907), the sands are clean (e.g., Goreau and Burke, 1966; McDonald, 2016) and, I can place
constraints on sediment ages using existing legacy maps. My analyses indicate that seismic
velocities at Port Royal beach increase with sediment age for 180 years even though its average
porosity, density, mean grain size, sorting, fluid saturation percentage, cement fraction show no
sustained and statistically significant changes during the same period. Based on these results, I
hypothesize that changes to beach sand velocities are not a function of cementation, grain type,
burial depth, porosity, density or fluid saturation but likely due to grains to grain packing with
time.
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Figure 3.10 (A) Topographic map of Kingston Jamaica with locations for Port Royal and the
Palisadoes Complex Spit identified.
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[C] TRENCH 1

[E] TRENCH 3

[D] TRENCH 2

[F] TRENCH 4

Figure 3.11 (A) Aerial Imagery map of Port Royal Jamaica showing shoreline positions and
transect along which I estimate progradation rates (see Figure 3.3). (B) Aerial Image map of Port
Royal beach showing locations of refraction surveys and trenches (site 1-4) and shoreline
position through time. (C-F) Images of trenches 1-4 respectively. The maximum depths for
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trenches 1-4 are 1.7, 1.9, 1.9 and 2.2 m respectively.
3.2 Background and Geologic Setting
Pryor (1973) and Atkins and McBride (1992) focused on quantifying variations within the
upper 1 m of beaches, upper 17 m of dunes and upper 20 m of abandoned river bars. Their
sidewall core analyses resulted in porosities that were generally higher than those estimated from
lab reconstructed Holocene sand collected from other beaches in the Southern United States (0.50.6 for beach versus 0.36-0.5 for lab specimens) (Beard and Weyl, 1973). Unlike the predictions
from near surface compaction models and empirical curves (e.g., Athy, 1930; Gluyas and Cade,
1997; Dutta et al., 2009), their porosities did not show a clear decrease with depth up to 20 m
below the surface. Though Atkins and McBride (1992) observed increasing coordination number
(i.e., the mean number grain-grain contacts) with depth, this did not appear to cause any
discernible decreases in porosity with depth. Together, both Pryor (1973) and Atkins and
McBride (1992) studies highlighted a need for further spatiotemporal analysis of sands. From
their studies, it was unclear why compaction models overpredict changes to porosity with depth
(up to at least 20 m), whether increases to coordination number typically occurs without
decreases to porosity, and if other physical properties (e.g., mean grain size, sorting, fluid
saturation percentage, stratigraphy and cement fraction) also exert controls on beach sand
evolution. These questions have remained relatively unanswered since their initial findings.
During the last thirty years, an increasing number of studies have identified temporal
changes to beach sand physical properties. For example, Prodger et al., (2016) showed that beach
sediment grain size and sorting tend to change on a bimonthly to monthly time scale, and that
these changes may be attributed to variations in sediment source and wave energy during or after
deposition. Geotechnical studies also show that freshly deposited artificial sands experience an
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increase to their shear moduli (and overall liquefaction resistance) within minutes to days after
deposition (Mitchell, 2008). These increases last for days to months and are typically
unaccompanied by significant (> 3 %) decreases to porosity. Similar results have been replicated
both in the lab and silt laden tailings dam in Chile (Troncoso and Graces, 2000) but the exact
cause of these changes remain unclear. No study has documented similar aging effects in natural
clean sands (of any mineralogy) and, as a result, it remains unclear whether recently deposited
natural clean sands also undergo increases to their elastic moduli with time and whether these
changes last for decadal to centennial time scales.
I identify Port Royal beach Jamaica as a scientifically and societally appropriate place to
test how changes to the physical properties of clean sands deposited over years to centuries
correlate with sediment age. This beach developed along the western terminus of an accreting
complex spit that receives a steady supply of clean siliciclastic sands (Goreau and Burke, 1966).
The beach’s sediment deposition, erosion and earthquake induced liquefaction history are also
relatively well-documented and, partly because of the location's importance for military defense,
there exist several legacy maps from which I can constrain centennial scale sediment age (e.g.,
Sloane, 1692; Fuller, 1907; Goreau and Burke, 1966). Its clean sand composition, suitability for
an aging study and, its relatively well-documented history indicates that studies of Port Royal
beach may provide answers to some of the questions raised by Pryor (1973) and Atkin and
McBride (1992). For similar reasons, I also suspected that Port Royal beach would likely
represent a good global analog for understanding how the physical properties of recently
deposited clean sands change with time.

45

3.3 The Case for Both Direct and Indirect Sediment Analyses
To best study how beach sediments change within the first two centuries following
deposition, researchers may need to make repeat measurements at the same field site for at two
centuries. This would be both time and resource intensive. An alternative approach is to
determine whether increases to beach sediment ages are accompanied by little to no significant
changes to sediment composition and texture along with increases or decreases to other physical
properties such as porosity, density, cementation percentage, grain-grain connectivity, pore
fluids, and/or seismic velocities. My study uses a combined analysis of seismic velocity and
sediment core data to study how sand change within the first 180-years after deposition using
this alternative approach.
Both direct and indirect sediment analysis is needed partly because of the inherent
limitations of seismic and coring data. Seismic velocities provide an indirect assessment of bulk
changes to the physical properties (including grain-grain and pore connectivity) but, by itself,
cannot be used to isolate individual properties that influence the velocities. Direct core sediment
analyses allow for examination of sediment composition, texture, porosity and density but not for
grain-grain and pore-pore connectivity, whose information tends to be destroyed during
sampling. Combined seismic and coring analysis does however supplement the limitations of
each method.
Seismic velocities can be directly calculated from the effective shear and bulk moduli and
density. The elastic moduli of partially saturated clean vadose zone beach sands are mostly
affected by its porosity, fluid saturation (Vp only), compaction history, burial depth,
cementation, texture, pore shape, lithology, grain-grain connectivity, and stress history (e.g.,
Wang et al., 2001; Zimmer et al., 2006). Velocities increase as sediments become better
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compacted, deeper buried (or greater effective pressures) and more cemented. Larger sediment
grain sizes, poorer sorting, lower angularity and higher sphericity also tends to lead to higher
velocities largely because these sediment properties typically lead to increased grain to grain
contacts, which allow for more efficient transmission of seismic waves. Sediments with more
flattened pore shapes tend to lead to lower velocities (e.g., Wang et al., 2001; Zimmer et al.,
2006). Increasing pore fluid saturation, fluid density and viscosity leads to increases to
compression wave velocity whereas, when all else remains equal, Vs is typically unaffected by
fluid saturation when sediments are subjected to hydrostatic pressure conditions (e.g., Wang et
al., 2001; Zimmer et al., 2006). Finally, stress history could either lead to increases or decreases
to velocity depending on whether the applied stress exceeds the shear strength of the sediment
(e.g., Wang et al., 2001; Zimmer et al., 2006).
Some of the abovementioned properties can be measured from field samples whereas
others may need to be inferred from integrative analysis of the seismic and sediment cores.
Sediment mineralogy, grain size, sorting, sphericity, roundness, porosity, density, cementation
fraction and burial depth are examples of the former whereas compaction history, pore shape,
grain-grain connectivity, pore connectivity and stress history are examples of the latter. Studies
typically relate porosity to seismic velocities because porosity is often influenced by all the
above-mentioned properties. The relationships between porosity and compaction history, burial
depth, stress history, pore shape and grain-grain connectivity are better known for deeper buried
sediments whereas shallow sediments show mixed results. Any changes to stress history and
grain microstructure will therefore need to be inferred from other analyses. For Port Royal, I can
infer relative changes to stress history from the historical earthquake and liquefaction records.
Microstructural pore and grain connectivity changes can only be hypothesized after ruling out
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other likely causes for any observed seismic velocity changes. A combined direct and indirect
sediment analysis could therefore not only help identify centennial scale changes to sediments
but also help direct new research avenues on the topic.
3.4 Data Collection and Methods
The preceding discussion demonstrated that statistical comparisons between sediment age,
seismic velocities and physical sediment properties (i.e., mineralogy, grain size, sorting,
sphericity, roundness, porosity, density and cementation fraction) are needed to determine
whether sediments change with space and time. To do this, I first placed age constraints on the
sediments using the existing legacy maps and paleoshoreline data. After that, I quantified
sediment physical properties from cores and estimated seismic velocities from refraction surveys.
I determine whether there are statistically significant differences between the sediment physical
properties and velocities using both Welch t-tests and Monte Carlo statistical analyses. I
combined the results to determine whether changes to any sediment physical and seismic
properties can be directly correlated with age.
3.4.1 Constraining Sediment Age
I constrained sediment age by creating 3-dimensional time contours of the beach. These
contours derive from the beach’s paleoshoreline, slope and sea level elevation. I do this by
georeferencing maps of Port Royal dated to 1692, 1782, 1785, 1873, 1876, 1887, 1950, 1968 and
1974 using 425-year-old (or older) buildings, roads and landmarks as control points (e.g., Port
Royal Navy Hospital, Fort Charles, St. Peters Anglican Church and High Street) and digitizing
the beach’s shoreline. I assume sea level has remained constant because there have been no
significant sea level changes in Jamaica within the last 400 years (Didgerfelt, 1987). For
simplicity, I also assume that both submarine and subaerial sections of the beach slope are
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constant (a valid assumption based both on historical elevation and bathymetric maps at the site).
I mapped the submarine slope during my field surveys and determined the submarine slope from
bathymetric data collect by Wright et al., (in review, Tectonics).
Combining paleoshorelines with subaerial and submarine slopes, I form threedimensional time contours for the entire beach from 1692-present. I then interpolated between
these 6 contours which provided estimates for the age of the sediments (Figure 3.2). Here,
sedimentation rate is the vertical thickness of the sediments divided by the sediment age and
coastline progradation rates is the distance between successively georeferenced shorelines
divided by time taken for the shoreline to prograde to the new distance (Figure 3.2). This
calculation assumes a constant depositional rate and ignores the effect of sediment deposition
during storms. As a result, it represent a first-order approach to estimating sedimentation rates.
Uncertainties in the sediment age comes from not only my simplifying assumptions of
constant slope and depositional rates but also from georeferencing. Specifically, affine
transformations during georeferencing resulted in stretched shorelines whose thicknesses were
between 3 m and 13 m. I account for these shoreline position uncertainties by calculating
sediment age, sedimentation rates and progradation rates for all possible combinations of
shoreline positions. Where possible, I also randomly removed 1-2 control points and assessed
their influences on the shoreline positions. This approach led to sedimentation rate uncertainties
between 1 and 11 cm/year.
3.4.2 Sediment Collection and Physical Property Analyses
To quantify changes to sediments’ physical properties in space and time, I first selected 4
data collection sites along a 350 m coastline-to-inland transect along the beach (Figure 3.2b).
There, I dug 1.8-2.2 m deep trenches at survey sites 1-4 and used small (mostly 10 cm high by 6
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cm wide) aluminum cans to collect 1-3 sidewall core samples from the middle of each sand bed
within the trenches (Figure 3.2c-3.2f). This totaled to 10, 11, 9 and 9 samples (at variable depths
depending on the number of beds and their thicknesses) collected from trench sites 1-4
respectively. After coring, I weighed the sediment cores within 1-30 minutes of removal, dried
them in an oven for at least 8 hours at 325 degrees and then re-weighed them. I used the weights
to estimate the samples’ wet and dry sand mass and water volume percentage. At the lab, I
analyze the samples for compositional (i.e., mineralogy, grain diameter, sorting and, cement
fraction,) and grain packing changes (i.e., bulk density and porosity).
I determine whether there have been significant changes to mineralogy using X-ray
diffraction (XRD), scanning electron microprobe, optical microscopy and pictomicrographic
analyses. I used the PDF-4+ International Center for Diffraction Data library as a reference for
identifying the minerals and calculated relative percentages using the reference intensity ratio
method (Hillier, 2003). I quality control XRD mineral identification results via inspection of the
unaltered sediments using an optical microscope, pictomicrograph, and a scanning electron
microprobe. I quantified carbonate percentage by measuring the change in sand mass after
saturating 40-100 g of each sample in 10 percent diluted hydrochloric acid for at least 24 hours.
Here, I assume that carbonates that are undetectable within the XRD analyses are likely to be in
the form of cementation as opposed to matrix grains.
To further determine whether there has been changes to sediment source and the energy
during (and after) deposition, I also estimated mean grain size and sorting using the mechanical
shaker and sieving method. Initial results showed that 61 % of the samples had grain size
distributions that were either bimodal or trimodal. This indicated that the popular Folk and Ward
(1957) method would not yield statistically significant results for sorting because its formula
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assumes the sediments are unimodally distributed (Folk and Ward, 1957; Blott and Pye, 2001).
To remedy this, I estimated sorting and grain size by first numerically recreating the sands
retained in each sieve. During this analysis, I approximated sand as a random group of perfect
spheres whose total mass equals the weighted mass of the retained sediments in each sieve and
whose diameters were within range of what could be captured by each sieve. The perfect sphere
assumption is likely to be a valid assumption as my sampling of 30-50 grains from each bed
indicate that the mean sphericity of grains at sites 1-4 are 0.7-0.8 on a scale of 1-0 where 1 refers
to a perfect sphere. I performed the numerical analyses 10, 000 times and considered the mean
grain size as the radius of the mean weighted mass for the entire reconstructed sample, and
sorting as the weighted standard deviation. My uncertainties in mean grain size and sorting are
therefore based on the results from the 10, 000 model runs. Both Folk and Ward (1957) and my
numerical approach produces relatively similar grain size results (i.e., average difference is 0.19
mm).
I used the mass, volume and mineralogy to estimate bulk density and porosity. Here, I
calculated bulk density as the mass of the wet sand divided by its volume, and porosity as 1
minus the ratio of samples’ bulk and mineral density. Here, I estimated the samples’ average
mineral density using the arithmetic mean where I assume the densities of quartz, albite and
calcite (i.e., the three main minerals within the sands) to be 2.65 g/cm3, 2.62 g/cm3 and 2.71
g/cm3 respectively (Katahara, 1996; Wang et al., 1998; Prasad et al., 2002). The final
uncertainties within my density and porosity measurements are based on the variances in
measurements performed on samples collected from each bed.
To constrain water saturation, I divided the pore water volume (taken as the difference
between the wet and dry sample mass) by the volume of the pore spaces (i.e., porosity times
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sample volume). Like porosity and density, I estimated the uncertainties for water saturation
based on the variances in the measurements for each bed. Some water could have been
evaporated within the 1-30 minutes it took to weight each sample. This potential loss of
measured water also represents uncertainties that are difficult, if not impossible to accurately
quantify, for my water saturation calculations.
3.3.3 Seismic Data Collection and Analysis
I constrain Vp and Vs by analyzing vertical (Vp) and horizontal (Vs) reverse refraction
survey seismograms collected using the PASSCAL Instrument Center's 24-channel geophone
system (Figure 3.2b). At each site, I collected the data with two geometrical configurations – one
where the receiver spacing and source offset were respectively 0.3 m, and between 0.3-19 m
incrementing by 3 m and another where they are set to 1.5 m and 7 m respectively. My P-wave
source was a 16 lb. hammer that strikes an aluminum plate, and the S-wave source was a metal
stake driven into the ground at a 45-degree angle. I collected 2 horizontal (Vs) seismograms per
source offset (one for opposite ends of the transverse direction), and I increased all seismograms’
signal to noise ratios by stacking 10 traces per shot. To assess first break uncertainties, at least 8
individuals in Southern Methodist University's Earth Sciences department picked the firstarrivals within each seismogram and the first author picked first-arrivals at 3-5 separate times
within three months.
I estimated Vp (from the first-arrivals) using the first-break geometrical and Tau-P inversion
methods. For Tau-P inversion, I calculated velocities and depth using Wiechert-Hertglotz
solutions (Herzglotz, 1907; Wierchert and Geiger, 1901; Batemann, 1910; Wiechert, 1910).
Combining the results from the abovementioned methods, as well as randomizing the selected
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picks (from different individuals) used in the calculations, allowed us to determine velocity
uncertainties via a Monte Carlo statistical approach.
I estimated 𝑉𝑠 using the multichannel analyses of surface wave (see Foti, 2000; Lin et al.,
2004; Park et al., 2007; Park et al., 2010; Ryden et al., 2004; Xie et al., 2003; Park et al., 1999;
Xie et al., 1999; Olafsdottir, 2017). During the analysis, I calculated dispersion curves using the
phase shift method (Xie et al., 1999; Appendix B) and inverted for Vs structure using a
neighborhood algorithm written in Geopsy (www.geopsy.com) (Wathelet et al., 2004). There, I
set Vs to respectively 1 and 1.16 times the minimum and maximum phase velocity of the surface
waves (consistent with Richart et al., 1970), Vp to 150-2500 m/s, Poisson's ratio to 0.2-0.5 and
density to 1500 g/cm3. I use the layer ratio method by Cox and Teague (2016) to create 5-layer
thickness models. For each of the 5 starting models, the thickness of the layers (beneath the first
one) consistently increases by a ratio of either 1.2, 1.4, 1.6, 1.8 or 2.0 times the thickness of the
first layer, which I set to between 0.2 and 0.3 times the minimum wavelength of the surface
waves. I also set the maximum depth of each proposed model to 0.2-0.3 times the maximum
wavelength of the surface waves. I begin each inversion with 5000 randomly generated models; I
allow for 5000 random walks (to avoid local minima) and, I calculate dispersion curve misfits
using the root mean squared error.
My reported solutions are the top 10 % models with the lowest corrected Akaike Information
Criterion (AICc) scores, an independent assessor of the relatively likelihood that a model
represents the true solution when biases introduced from increasing the degrees of freedom in the
model are considered (Aikaike, 1974; Sugiura, 1978). The score favors models with low misfits
while penalizing those that require increased complexities to achieve those misfits.
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3.5 Results
3.5.1 Sediment Age
Port Royal beach sediments analyzed were deposited between 1692-2017. During this time,
the shoreline prograding at an average rate of 0.3-0.48 m/year except between the years 17821786, 1873-1888 and 1968-1975 which experienced shoreline retrogradations (Figure 3.2 and
3.3). The highest and lowest progradation rates respectively occurred between years 1951-1968
(4.6±0.24 m/year) and 1692-1782 (0.3±0.06 m/year). Progradation rates during the deposition of
the sediments at sites 1-4 were 1.05±0.1, 4.6±0.24, 2.3±0.11 and 1.18±0.0 m/year respectively
(Figure 3.3). These shoreline progradation rates at Port Royal beach are comparable to the rates
at other beaches across the world.
Analysis of the time contours created by shoreline position and slopes reveals (Figure
3.2a) that sites 1-4’s sediments may have been deposited within the last ~180 years – i.e.,
between 1988-2016, 1956-1974, 1909-1923 and 1837-1862 respectively. During these periods,
average sedimentation rates within the upper 2 m of the subsurface ranged from 5-25 cm/year.
The average calculated sedimentation at site 1-4 were 6-7 cm/year, 9-11 cm/yr, 14-25 cm/year
and 5-11 cm/year. These results suggest that sedimentation rates were fastest during the
deposition of lines 2 and 3 and that site 1 has been subjected to at least one Mw 5-7 earthquake
(1907) whereas sites 2-4 has been subjected to 2 earthquakes each (1907 and 1957) (Figure 3.3).
3.5.2 Sediments Physical Properties
Sediments at sites 1-4 are mostly made up of olive, yellow and colored siliciclastic sands
(Figure 3.1 and 3.2). Grass has grown on sites 3-4, but its roots are not anchored more than 5 cm
beneath the subsurface (Figure 3.1 and 3.2). The water table was between 1.8-2.2 m at all sites
during trenching surveys. The minerals are predominantly albite, quartz, and calcite (Figure 3.6;
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Table 3.1). Albite is generally the most abundant, and calcite crystals are only identifiable within
the upper 72 cm of trenches 2-4. Variations in mineral percentages are more pronounced within
the upper meter but similar between 1-2.2 m below the surface (Figure 3.6; Table 3.1).
Based on the Voigt-Reuss-Hill average (Hill, 1952) estimates (where I assume the bulk
modulus of albite, quartz, and calcite are 55.9 GPa, 37.5 GPa, and 71.6 GPa respectively), sites
1-4's aggregate mineral bulk moduli are 51±4 GPa, 46±6 GPa, 47±7 GPa, and 54±4 GPa
respectively. The difference between means from sites 1 to sites 2-4 are significant at the 0.05%
level (Welch t-test: p << 0.05, t=-58-36, df = 1e4-1.4e4 where p, t and df refer to p-value, tstatistics and degrees of freedom respectively) and the probabilities that site 1 is greater than
sites 2-4 are 0.82, 0.81 and 0.32. This implies that there is no detectable increasing bulk moduli
trend within my uncertainties, especially given that there are relatively high probabilities (0.810.82) that site 1’s mineral moduli are higher than sites 2-3.
The mean aggregate mineral shear moduli for sites 1-4 are 33±2 GPa, 36±4 GPa 36±4
GPa, and 32±2 GPa respectively if I assume that the shear modulus of quartz, albite, and calcite
are 41.8 GPa, 30.2 GPa, and 28.2 GPa respectively. The differences between the means (from
sites 1 and sites 2-4) are significant at the 0.05% level (Welch t-test: p << 0.05, t = -17 to 53, df
=9.4e3-1.6e4). The probabilities that site 1’s average shear modulus is greater than sites 2-4 are
0.14, 0.14 and 0.57. This reveals an increase in mineral shear moduli between site 1 and sites 2-3
but no significant increases between sites 1-3 and site 4.
Carbonate cement weight percentage ranges between 0-3.3 % with trench 1-4
respectively having 1.2 ± 0.6 %, 1.2 ± 0.6 %, 0.8 ± 0.4 % and 1.5±1.3 % carbonates (Figure
3.5d). The absolute mean differences between site 1 and 2 are not significant as both have the
same average. The differences in the means between sites 1 and sites 3-4 are significant at the
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0.05% level (p < 0.05, t = -43 to 22, df = 9.4e3-1.7e4). The probability that sites 1’s cementation
percent is greater than sites 2-4 are 0.48, 0.66 and 0.33 (Figure 3.5d).
I identify no statistically significant change in sediment grain size in space or time
(Figures 5a). The sediments are composed of mostly coarse to very coarse sands with a few beds
containing significant amounts (> 50 %) of gravels -- all beds contain less than 5% fines (i.e.,
particles whose grain sizes are smaller than sand) (Figure 3.5a). Here, the average ratios of
gravel to sand to fines within trench sites 1-4 are 0.27:72:0.01, 0.04:0.94:0.02, 0.42:0.57:0.01
and 0.11:0.88:0.01 respectively. Mean grain size at site 1-4’s are 0.5-1.8 mm, 0.5-1.3 mm, 0.6-2
mm and 0.7-1.5 mm respectively (Figure 3.5a) – i.e., within 18-27% of each other (0.20-0.30
mm). Welch t-test results indicate differences in the means are statistically significant at the 0.05
% significance level (p-value << 0.05, df = 1.4e4 and t = -52 to 24) – i.e., there is only a 5 %
chance of misinterpreting the data if I assume that difference between the means are statistically
significant. Here, the probability that site 1’s grain sizes are greater than sites 2-4’s is a 0.66,
0.39 and 0.67 respectively.
Sorting (i.e., weighted standard deviation of grain diameters) for trenches 1-4 is 0.4-0.8,
0.3-0.7, 0.3-0.8 and 0.3-0.8 (Figure 3.5b). Like with grain sizes, the Welch t-test also indicates
that the differences between mean sorting are statistically significant at the 0.05% level (p <<
0.05, t = -31 to 5, df = 1.3-1.6e4) with the mean values being within 2-14 % of each other (0.010.08). The probabilities that site 1’s sands are more poorly sorted than sites 1-4 are 0.59, 0.59
and 0.66 respectively.
Sediment bulk densities (and porosity) show no significant increase with depth or time.
Ranging from 0.8-2.1 g/cm3, the average densities for trenches 1-4 are 1.1-2.1 g/cm3, 0.8-1.5
g/cm3, 1.2-1.9 g/cm3 and 1.1-1.6 g/cm3 respectively (Figure 3.5e). Average porosities for
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trenches 1-4 are 0.20-0.71, 0.43-0.71, 0.30-0.54 and 0.41-0.60 respectively. The means of sites
2-4 are within 2.6-10.2% of site 1’s porosity and density (0.04-0.14 g/cm3 for density and 0.01
for porosity) and, are statistically significant at the 0.05% level (Welch t-test: p << 0.05, t = -46
to 12, df = 1.4 to 1.7e104). The probability that the site 1’s average density (or porosity) is
greater (or lower) than sites 2-4 are 0.67, 0.46 and 0.65 respectively.
Pore fluid (i.e., ocean water) saturation percentage range between 0-0.6% with a mean of
0.1 (Figure 3.7). Saturation percentages for trenches 1-4 are 0-0.17 %, 0.01-0.02 %, 0.03-0.30 %
and 0.04-0.56 % respectively (Figure 3.7). The mean water saturation percentages for sites 1-4
typically increase with depth within the upper 1 m. Sites 1-2’s values decrease with depth
between 1-2 m below the surface whereas sites 4 decrease between 1-2 m prior to increasing by
0.3 % within 0.1 m of its water table. I do not observe any significant changes to water saturation
percentage between 1-2 m below the subsurface for sites 3 but water saturation percentage
increases by 0.2 % within 0.2 m of site 3’s water table. The differences between the average
water saturation for the entire column of sites 1-2 are not statistically significant at the 0.05 %
level (p = 0.07, t = -1.8, df = 1.6e4) but are significant between sites 1 and sites 3-4 (p << 0.05
for sites 3 and 4, t = 27 for site 3, t = 44 for site 4, df = 1e4 for site 3, df =8e3 for site 4). The
mean values between sites 1 and sites 2 are within 1.8 % of each other (mean water saturation
difference = 0.0013 %) whereas the means between sites 3-4's mean saturation values are 36 %
and 104 % percent higher than site 1 (i.e., mean water saturation difference hare 0.02% and 0.08
% respectively). The probability that sites 1's average water saturation percent is greater than
sites 2-4 are respectively 0.5, 0.3 and 0.1, thereby indicating that sites 1-2's water saturation are
the same, but that average water saturation increases between sites 1-2 and 3-4. The differences
between water saturation values may be attributed to the fact that sampled closer to the water
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table at lines 3-4, where its values increased by 0.2-0.3 % in water saturation. If these values are
omitted, I find that the mean difference is only statistically significant at the 0.05% level for site
4 (p = 0.9). I also find that the probability that site 1 is greater than sites 3-4 are 0.50 and 0.35.
These results, therefore, imply that water saturation at sites 1-3 are statistically indistinguishable.
3.5.3 Sediments Seismic Velocities
All seismic velocities (i.e., phase velocities of the surface waves, Vp and Vs) increase
between sites 1-2 and sites 3-4 (Figure 3.4). Specifically, I find that Love wave phase velocity
for lines 1, 2 and 4 are 116-164 m/s, 119-157 m/s and 143-220 m/s respectively for wavelengths
between 1-6 m (i.e., waves that likely sampled the upper 2 m) (Figure 3.4a). Rayleigh wave
phase velocities for sites 2, 3 and 4 are 113-149 m/s, 160-179 m/s and 123-234 m/s respectively
for wavelengths between 1-6 m (Figure 3.4b). I could not determine the Love wave phase
velocity at site 3 nor the Rayleigh wave phase velocity at site 1 due to mode mixing and seismic
noise. Inversions based on the dispersion curves show that Vs at sites 1-4 are 100-192 m/s, 113218 m/s, 137-393 m/s and 123-280 m/s respectively (Figure 3.4c). These results reveal that Vs
increases between sites 1-2 and 3-4.
Results from both Tau-P Inversion and the first-break geometric method show that Vp
changes as a function of both depth and time. Specifically, Vp for the upper meter at sites 1-4 are
184-267 m/s, 225-284 m/s, 371-476 m/s, 337-399 m/s and 542-723 m/s (Figure 3.4d and 3.4e).
Within the upper 1m, Tau-P inversion reveals that Vp increases from lines 1-3 (Figure 3.4e). At
the surface, Vp for site 4 is lower than at sites 1-3 but becomes faster than sites 1-2 with depth
(starting at 1 m). Tau-P results also show that Vp increases with time between 1-2 m. In contrast,
the first-break geometric method shows that Vp in the upper 0.3 m does not increase with time
(Figure 3.4d). The results also show that Vp within the upper 0.3-1 m is roughly the same but
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increases with time between sites 1-2 and 3-4 at depths between 1-2 m. Together, the results
imply that a clear increasing Vp trend between sites 1-2 and 3-4 can only be resolved at depths of
1-2 m. It also indicates that Vs increases faster than Vp.
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Figure 3.12 (A) Illustration shows depth dimension time contours as well as the locations of
sites 1-4. (B) Progradation/retrogradation rate estimates including for transect 1-3 delineated in
Figure 2A. Figure includes timing of major earthquake (EQ) in the region.
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Figure 3.13 (A) Love wave phase velocities for sites 2-4 at Port Royal Beach Jamaica performed
with the phase shift method. Error bars represent the top 5% of the peak values on the dispersion
image. (B). Rayleigh wave phase velocities for sites 2-4 performed with the phase shift method
where errors bar represent the top 5% of all values. (C). Shear wave velocity at sites1-4. (D). Pwave velocities at sites 1-4 done with Tau-P inversion. (E). P-wave velocities at seismic lines 1-4
based on the first-break geometric method.
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Figure 3.14 (A) Sediment mean grain diameter for trench sites 1-4 at Port Royal Beach Jamaica.
(B) Sediment sorting for trench sites 1-4. (C) Sediment mineral elastic moduli for sites 1-4. (D)
Percentage of carbonate cementation within sediments at sites 1-4. (E) Sediment bulk densities
for trench sites 1-4. (F) Sediment porosities for trench sites 1-4. Errors bars represent 1-sigma
uncertainties.
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Figure 3.15 Mineral percentage at sites 1-4 at Port Royal Beach based on X-ray diffraction
analyses.
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Figure 3.16 Water saturation percentage for sediments within trench sites 1-4 at Port Royal
Beach Jamaica.
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Trench #
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4

Description
Mineral Percentage
Bed #
Sample Depth (cm) Quartz
Albite
Calcite
1
0.0
50
50
2
0.2
15
85
3
0.3
7
93
4
0.5
14
86
5
0.6
58
42
6
0.7
8
92
7
0.8
34
66
8
0.9
7
93
9
1.4
12
88
1
0.1
97
3
2
0.2
89
0
3
0.4
88
0
4
0.6
68
32
5
1.0
17
79
6
1.2
12
88
7
1.4
10
90
8
1.5
25
75
1
0.1
24
48
2
0.3
84
15
3
0.7
99
1
4
1.0
20
80
5
1.5
23
77
6
1.7
13
87
7
1.8
88
12
1
0.1
57
1
2
0.4
2
46
3
0.7
16
70
4
0.9
30
70
5
1.1
17
83
6
1.8
11
89
7
2.1
15
85

0
0
0
0
0
0
0
0
0
0
11
12
0
4
0
0
0
28
0
0
0
0
0
0
42
52
14
0
0
0
0

Table 3.1 Mineral percentages within the sediment trenches.
3.6 Discussion
The preceding analyses demonstrated that seismic velocities at Port Royal beach increase
with age whereas none of the measured physical properties show any sustained and statistically
significant increase or decrease with age (within my uncertainties). Differences in the average
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mineralogy, grain size and sorting are relatively small (within 2-27 %) and do not show any
sustained significant or detectable increase with time. Consistent with previous studies that
observed similar variations to sands (e.g., Figure 3.8) of the same age (Pryor 1973; Atkins and
McBride, 1992; Prodger et al., 2006), I interpret these variations to be reflective of small changes
to sands' provenance and coastal re-working processes with time. Differences between porosity,
density, water saturation and cement fraction are also relatively small (< 20%) and show no
detectable or significant increasing trends with time. Instead, the analyses show that it is more
probable that these physical properties are indistinguishable between sites than that they increase
or decrease from one site to the next – evidence for this comes from the observations that
probabilities of an increase or decrease with age are within 0.1-0.17 of 0.5 probabilities (i.e., a
50:50 chance). The lone exception comes from mineral bulk modulus – i.e., there is a 0.82
probability that site 1’s bulk modulus is larger than sites 2-3’s. The greater bulk modulus at line
1 is reflective of a relatively larger percent of albite found at site 1. Despite its higher mineral
bulk modulus, seismic velocities at site 1 was still lower than those at sites 2-4. This likely
implies that the mineral modulus’ influence on seismic velocities was overpowered by other
changing physical properties with time. Taken together, these results imply that the main
differences between sands at sites 1-4 are the time of their deposition, their seismic velocities and
site 1’s bulk modulus being greater than the sites 2-3.
There could be several cause(s) for my observations. One possibility is that the
monotonic increases or decrease to the sediment properties with time exist but were not
detectable by the methods used in this study. Another possibility is that small changes between to
the sediment’s physical properties aggregate to create increases to seismic velocities with time. A
third possibility is that, as sediments age, stress induced microstructural grain re-adjustments
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(e.g., grain rolling, sliding and rotating) lead to increases to either the internal friction between
the grains, grain contact number and/or grain contact area. These changes could be
unaccompanied by significant decreases to porosity (e.g., Atkins and McBride, 1992; Mitchell,
2008) and could lead to increased grain stability and efficient transmission of seismic velocities.
Lastly, microstructural changes may be earthquake induced and are larger with time because
older sediments have experienced more earthquakes. Future studies should test these and other
possible hypotheses, including changes to water chlorinity, microbial abundance and salinity.
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Figure 3.17 Graph compares the porosity values at Port Royal beach to those collected by other
field (i.e., Pryor, 1973; Atkins and McBride, 1992) and empirical studies (i.e., Athy, 1930; Datta,
2009; Gluyas and Cade, 1997; Datta, 2009)
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3.7 Conclusions
Port Royal beach Jamaica is composed of highly porous albite and quartz-rich sands with less
than 3% carbonate cementation. The sands were deposited between 1692 to present. Both
compression and shear wave velocities increase with age with the shear wave velocity increasing
at a faster rate than the compression wave velocities. Seismic velocity increases are
unaccompanied by any sustained and statistically significant or detectable increases or decreases
to porosity, density, grain size, sorting and cement fraction with time. Future studies should aim
to determine the likely cause(s) of these observations as well as assess their impacts on sandstone
lithification, sediment strength and fluid flow.
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CHAPTER 4

POSSIBLE CAUSES FOR 180 YEARS OF SEDIMENT AGING AT PORT ROYAL BEACH
JAMAICA REVEALED BY ROCK PHYSICS MODELLING ANALYSES

Sediment age has been shown to cause an increase in elastic moduli without accompanying
decrease to the porosities of freshly deposited artificial sands and natural silts but an assessment
for whether it occurs in natural sands, what the likely causes are and how long these changes last
has remained an enigma for at least thirty years. This study provides an assessment for whether
sediment aging occurs on centennial time scales (~180 years) in a natural clean sand beach at
Port Royal Jamaica. At this beach, Chapter 3 showed that seismic velocities increase with age
without any detectable increasing trends in the sediments’ porosity, lithology, cement fraction
and density. The Chapter also showed that there are relatively small statistically significant
differences between the measured physical properties at each site and therefore could not rule out
the possibility that these differences aggregate to cause increases in velocity. Through rock
physic modelling analyses, I demonstrate that small changes to the measured physical properties
likely do not aggregate to create an increasing seismic velocity trend with time. I also show that
an increase with internal friction with time is unlikely because the volume of rough (i.e., mineral
grains whose friction disallows slip at grain contact during a propagating wave) do not
significantly increase or decrease with time. Instead, I suggest that seismic velocities are most
likely increasing due to microstructural changes related to grain contact number, sorting and
grain contact area.
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4.1 Introduction
Spatiotemporal variations in beach sediment properties develop partially due to changes to
sediment source, sediment age and, deposition, compaction, sea level, erosion and bioturbation
rates (e.g., Morelock 1969; Houseknecht, 1970; Lundegard 1992; Dugan and Flemming, 2002;
Crowe and Mine, 2013). Of these, sediment age (i.e., time since deposition) is the least assessed
and potentially least understood (e.g., Mitchell, 2008; Troncoso and Graces, 2000). Existing
geotechnical studies show that sediment age affects both the porosity and shear moduli of
sediments. They find that recently deposited artificial sands and natural silts typically experience
an increase in their shear strength and liquefaction resistance within minutes after deposition
(Mitchell, 2008). These shear moduli increases are typically unaccompanied by significant (>
3%) porosity reductions and can last for at least 45 years (Baxter and Mitchell, 2004; Mitchell
2008). Their results imply that sediment aging not only controls porosity and the elastic moduli
of some sediments but could also represent a pre-compaction process that has been largely
ignored in coastal sediment analyses. If proven to be more extensive and longer lasting (i.e.,
lasting for centennial scales), sediment aging would undoubtedly have implications for coastal
sediment shear strength and fluid flow, which controls earthquake induced submarine slides,
tsunami genesis, shoreline stability, ecosystem changes, seawater intrusion, fluid upwelling, and
the development of axial oil and gas reservoirs.
A clear understanding for how, under what conditions and for how long aging and what
depth aging controls the porosity and elastic moduli of sediments is not currently available
(Troncoso and Graces, 2000, Mitchell, 2008). Some currently unanswered questions include, (1)
whether aging occurs in natural clean sands, (2) whether changes to sediment elastic moduli last
for more than the observed 45 years and, (3) what physical process or properties control changes
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to sediment properties with time since deposition. The leading hypothesis proposed by
geotechnical engineers is that stress induced microstructural changes that results in increased
internal friction, defined as the magnitude of resistance to slip during acoustic wave excitation,
leads to increases in sediment structure stability and seismic velocities with time (Troncoso and
Graces, 2000). This hypothesis has yet to be tested as it requires three-dimensional view of the
natural systems, seismic or electromagnetic inferences of sediment grain organization, and
appropriate age dating of sediments landwards and with depth.
Herein, I provide a first-order assessment for whether aging occurs in natural beach sand
as well as discuss its likely causes. I do this by examining changes to the seismic and physical
properties of sands in the upper 2 m at Port Royal beach Jamaica (Figure 4.1). This site was
previously studied in Chapter 3 where I showed that the seismic velocities at the beach increase
with age whereas the sediment’s porosity, density, grain size, sorting, show no sustained and
statistically significant increases with time. By using rock physics models to predict seismic
velocities based from the constrained sediment properties, I show that relatively small changes
between the physical properties are unlikely to be the only cause of increasing seismic velocities
with time. Rock physics modelling analyses also indicate that microstructural grainreorganizations that increase grain-grain contact area with time is one possible cause of the
observed increasing seismic velocities inland from the current coastline.
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Figure 4.18 (A) Aerial Imagery map of Port Royal beach with the study locations and agecontours.

4.2 Background and Geologic Setting
Port Royal beach is a prograding clean sand beach situated on the western terminus of the
Palisadoes complex split in Southeastern Jamaica (Figure 4.1). Based on observations that the
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sands’ seismic velocities increased with time (over ~180 years) but sediment porosity,
cementation fraction, density, grain size and sorting remained relatively constant during the same
period, Chapter 2 suggested (but did not test) two main possible hypotheses that could explain
their observations (refer to Figures 4.4-4.7 in chapter 2 for figures of seismic velocities and
sediment properties). The first hypothesis (herein referred to as the small changes hypothesis) is
that, while there may be no statistically significant increases to the physical properties of the
sediments, small changes from one site to the next may aggregate to cause the increases to
seismic velocities with age. Like previous geotechnical studies (Troncoso and Graces, 2000),
their second hypothesis (herein referred to as the microstructural changes hypothesis) proposes
that seismic velocities increase with age because, as time progresses, microstructural changes
(i.e., grain slippage, rotation and creep) lead to increased internal grain-grain friction and/or
increased grain-grain contact area, both of which allows for faster transmission of seismic
velocities.
Direct tests of these hypotheses are difficult to achieve without destroying grain
microstructure (Troncoso and Graces, 2000), but rock physics modelling analyses can provide a
way to indirectly infer changes to sediment properties (e.g., Mindlin, 1949; Walton, 1987;
Jenkins et al., 2005; Bachrach and Avseth, 2008). Because the models predict seismic velocities
using porosity, density, lithology, effective pressure, average number of grain contacts and fluid
saturation, they can be used to theoretically test whether small changes to sediment physical
properties lead to statistically significant changes to seismic velocities between sites (e.g.,
Walton, 1987; Jenkins et al., 2005). Tests of microstructural changes hypotheses are also
possible via assessments of the effective dry-frame (air-filled) and mineral Poisson’s ratio and
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misfits between measured and modelled velocities (Walton, 1987; Bachrach and Avseth, 2008). I
briefly demonstrate the theories below.
4.3 Theory
4.3.1 Rock Physics Model Assumptions
Several rock physics models exist for predicting seismic velocity from porosity, density,
effective pressure, grain contact number, mineral Poisson’s ratio and grain size. Examples
include the Hertz-Mindlin (Mindlin, 1949), Digby (1981), Walton (1987), Jenkins et al., (2005),
Dvorkin and Nur (1996), stiff sand and soft sand models. The models typically assume that sand
is composed of a randomly packed group of identical spheres subjected to Hertzian contact
forces. Differences between their elastic moduli predictions (and therefore seismic velocities)
arise from how each model treat cementation, slip at grain contacts, grain roughness and grain
size.
Hertz-Mindlin, Walton, Jenkins and Digby’s model assume that sands are cementless
whereas the Dvorkin and Nur, stiff sand and soft sand models assumes that cements are present
and functions to reduce porosity and/or possibly increase grain-grain adhesion. Specifically,
Dvorkin and Nur’s model either assume that cement is only present between grain-grain contact
or on the surface of the entire grain. In contrast, the soft and stiff sand models both assume that
cement is deposited away from the grains – i.e., within the pore spaces. The stiff and soft sand
models respectively assume that the spheres are packed in the softest and strongest possible
configuration as indicated by the Hashin-Shtrikman lower and upper bounds (see Hashin and
Shtrikman, 1963).
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Concerning grain friction, Hertz-Mindlin (1949), Walton (1987) and Jenkins et al.,
(2005) assume that the grains are either rough (i.e., have infinite friction) or smooth (i.e., are
frictionless) whereas Digby, soft sand and stiff sand models typically only assume rough grains.
Grain roughness influences if and how an acoustically propagating wave leads to slip at graingrain contact. Here, Hertz-Mindlin (1949) assumes that slip occurs only when tangential stresses
(from an acoustically propagating wave) exceed normal interparticle grain contact forces
(Mindlin, 1949). Walton (1987) assumes that normal and tangential slip occurs simultaneous and
that the degree of slip is directly related to grain friction. Digby assumes that grains are initially
bonded across their effective contact radius and, away from this region, the sands are infinitely
smooth. Jenkin et al., (2005) approach slip from a force balance perspective and show that slip at
grain contacts is non-linear and depends on the force exerted on neighboring grains. This
assumption typically leads to shear wave velocity predictions.

4.3.2 Model Effectiveness
Hertz-Mindlin is perhaps the most widely used model and, as a result, majority of the data
concerning the effectiveness of effective medium rock physics models comes studying its
applications. Existing studies show that Hertz-Mindlin (1949) is effective for estimating elastic
moduli or inferring the physical properties of deep buried sands (> 1 km). In contrast, lab and
field studies have demonstrated that Hertz-Mindlin’s model routinely overpredict Vs regardless
of depth and pressure. Some lab studies find that Hertz-Mindlin’s model overpredict both the Vp
of prepared sands and glass beads subjected to low effective stress (i.e., shallow sediments)
whereas others report good fits between theory and their measurements. Two existing field
studies argue that Hertz-Mindlin’s model overpredicts both Vp and Vs, but their results were
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limited by their lack of constraints on some of the required input model parameters (e.g., porosity
and grain mineralogy). To my knowledge, the effectiveness of the 6 other rock physics models
has rarely been tested for shallow unconsolidated sediments.

4.3.3 Model Appropriateness for Studying Port Royal
The preceding discussion demonstrated that, with some first-order assumptions for sand,
rocks physics models can provide insights into grain microstructure, lithology, and sediment
property. To determine whether the models are appropriate for assessing, I performed an initial
assessment of both grain roundness and sphericity following the methods of (Zheng and Hryciw,
2015). Analysis of 20-50 individual grains from each bed revealed that the grains record an
average sphericity of 0.7-0.8 on a scale from 0 to 1 where 1 refers to a perfect sphere (Figure
4.2). The grains are also well-rounded (0.7-0.8 a scale of 0-1) (Figure 4.3). Together, these
observations imply that the assumption of perfect spheres is likely to be a relatively good one for
Port Royal sediments. They also suggest that I can test the small changes hypothesis by
comparing the predictions from rock physics models, whose results are directly related to the
sediment physical properties. It also implies that large misfits are not directly related to
angularity and sphericity, and, as a result, the examination of the misfits and grain roughness
from Poisson’s ratio analyses, can provide insights into possible changes to grain microstructure.
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Figure 4.19 Graph shows sphericity of the grains at Port Royal Beach. Here, sphericity is the
ratio of the grain length to width. I quantified these variables by first digitally outlining (based on
photomicrographs) 20-50 randomly selected grains from each sediment core. After that, I used
the algorithm developed by Zheng and Hyrciw (2015) to inscribe circles numerically and, from
there, estimate sphericity. Reported uncertainties are based on the standard deviations of the
results.
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Figure 4.20 Graph shows grain roundness at Port Royal Beach. Roundness is defined as the ratio
between the mean radius of curvature at the corners of the grains and the radius of the maximum
circle that can be inscribed within the same grain. To quantify these, I digitally outlined (based
on photomicrographs) 20-50 randomly selected grains each site prior to using Zheng and Hyrciw
(2015) algorithm for numerically inscribing circles. I calculate roundness from these circle.
Reported uncertainties are based on the standard deviations of the results.
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4.4 Methods
4.4.1 Testing the Small Changes Hypothesis
I test the small changes hypothesis by comparing the seismic velocities predicted by HertzMindlin’s model. Though Hertz-Mindlin’s model sometimes overpredict velocities, comparison
based on this model are nonetheless appropriate because errors in predictions are not typically
due to incorrect assumption about the influence of porosity, density, effective pressure, mineral
Poisson’s ratio (Bachrach and Avseth, 2008).
Seismic velocities (𝑉𝑝 and 𝑉𝑠) depend on effective bulk density 𝜌𝑏 , effective bulk
modulus 𝐾𝑒𝑓𝑓 and effective shear modulus 𝜇𝑒𝑓𝑓 (equation 1-2). Here, 𝜌𝑏 is taken from Chapter 3
whereas 𝐾𝑒𝑓𝑓 and 𝜇𝑒𝑓𝑓 are estimated from Hertz-Mindlin’s model (i.e., equations 3-9) and BiotGassmann theory (equation 10; Biot, 1956; Gassmann 1951).

4
𝐾𝑒𝑓𝑓 + 𝜇𝑒𝑓𝑓
√
𝑉𝑝 = 3

(1)

𝜌𝑏

𝑉𝑠 = √

𝜇𝑒𝑓𝑓

(2)

𝜌𝑏

The Hertz-Mindlin model equations (Mindlin, 1949) require knowledge of (1) sand
porosity ∅𝑧 estimated from the sidewall cores, (2) effective hydrostatic pressure 𝑃𝑒𝑓𝑓 estimated
from equation 5 where 𝑔, 𝜌𝑏 , 𝑧, 𝑊𝑑 , 𝑌𝑤 and 𝑆𝑤 respectively refer to acceleration due to gravity,
bulk density, sample depth, water depth, unit weight of water, and fluid saturation percentage,
(3) bulk 𝑘𝑚 and shear 𝜇𝑚 moduli of the minerals, which I estimate using the Voigt 𝑀𝑣 and
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Reuss 𝑀𝑅 bounds (i.e., equations 6-7 where 𝑓𝑖 and 𝑚𝑖 respectively refer to fractional proportion
and elastic moduli of the ith mineral) (Hill, 1952), (4) mineral poisons ratio 𝜂𝑚 derived from
equation 8 and, (5) the average number of grain contacts 𝑐 derived from equation 9 (Murphy,
1982). The variable 𝑓𝑡 represents the volume fraction of rough grains within the sediments. A
value of 0 and 1 respectively refers to the 100% smooth and rough grained Hertz-Mindlin model.

2

𝐾𝐻𝑀

2

2

1
3

(3)

𝑐 (1 − ∅𝑧 ) 𝑘𝑚
= [
𝑃 ]
18𝜋 2 (1 − 𝜂𝑚 )2 𝑒𝑓𝑓

1

𝜇𝐻𝑀

3
2 + 3𝑓𝑡 − 𝜂𝑚 (1 + 3𝑓𝑡) 3𝑐 2 (1 − ∅𝑧 )2 𝜇𝑚 2
=
[
𝑃
]
5(2 − 𝜂𝑚 )
2𝜋 2 (1 − 𝜂𝑚 )2 𝑒𝑓𝑓

𝑧

𝑃𝑒𝑓𝑓 = 𝑔 ∫ 𝜌𝑏 (𝑧) 𝑑𝑧 − [𝑧 − 𝑊𝑑 ]𝑆𝑤 𝑌𝑤

(4)

(5)

0

𝑁

(6)

𝑀𝑣 = ∑ 𝑓𝑖 𝑚𝑖
𝑖=1

𝑁

1
𝑓𝑖
= ∑
𝑀𝑅
𝑚𝑖

(7)

𝑖=1

𝜂𝑚 =

3𝑘𝑚 − 2𝜇𝑚
6𝑘𝑚 + 2𝜇𝑚

81

(8)

𝑐 = 20 − 34∅𝑧 + 14∅𝑧 2

(9)

Hertz-Mindlin only provides estimates for dry-frame bulk moduli results; however,
changes to sediment bulk moduli due to fluid saturation can be estimated using Gassmann-Biot
theory (Biot, 1956; Gassmann, 1951). This method is applicable if I assume that the rocks are
heterogenous and fluids are not flowing (a valid assumption for vadose zone sediments) (Biot,
1956; Gassmann, 1951). Equation 10 represents Gassmann-Biot formulation for my study.
There, 𝐾𝑎𝑖𝑟 refers to the fluid bulk modulus of an air-filled rock (i.e., 0 kPa) and 𝐾𝑓2 refers to the
bulk modulus of the mix of seawater (assumed to be 2.3 GPa) and air. I determine their bulk
modulus using the Voigt-Reuss formula (equation 6-7). Shear moduli remain the same because
they are not affected by fluid saturation under hydrostatic fluid pressure conditions (e.g., 𝜇𝐻𝑀 =
𝜇𝑒𝑓𝑓 ).

𝐾𝑒𝑓𝑓
𝐾𝑓2
𝐾𝐻𝑀,𝑊
𝐾𝑎𝑖𝑟
−
=
+
𝐾𝑚 − 𝐾𝑒𝑓𝑓 ∅𝑧 (𝐾𝑚 − 𝐾𝑓2 )
𝐾𝑚 − 𝐾𝐻𝑀,𝑊 ∅𝑧 (𝐾𝑚 − 𝐾𝑎𝑖𝑟 )

(10)

While using equations 1-12 to model the seismic velocities, I estimated uncertainties by
performing the calculations 10, 000 times. For each iteration, I randomly select a value that is
between the maximum and minimum estimates for each variable (e.g., ∅𝑧 and 𝜌𝑏 ). I compare the
model results using Welch t-test and Monte Carlo probability statistical analyses.
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4.4.2 Testing the Microstructural Changes Hypothesis
My test of the microstructural hypothesis is based on comparisons of sediment Poisson’s
ratio as well as the misfits between predicted and actual seismic velocities. While studying
100 % quartz sands, Bachrach and Avseth (2008) showed that the ratio of rough to smooth grains
(i.e., the magnitude of internal friction) within a sediment column is represented by equation 11,
where 𝜂𝑒𝑓𝑓 , 𝜂 and 𝑓𝑡 respectively represent the bulk dry-frame (air filled) sediment Poisson’s
ratio, mineral Poisson’s ratio and volume fraction of rough to smooth grains.

𝜂𝑒𝑓𝑓 =

(2 − 𝜂)
2𝑓𝑡 (1 − 𝜂)
−
4(2 − 𝜂) + 2𝑓𝑡 (1 − 𝜂)
4(2 − 𝜂) + 2𝑓𝑡 (1 − 𝜂)

(11)

From their equation (i.e., equation 11), it can be shown that, as dry-frame Poisson’s ratio
increase, the volume fraction of rough grain-grain contacts (i.e., contact points that resist motion
during a propagation seismic wave) decreases (Figure 4.4). Their results also imply that a dryframe Poisson’s ratio of 0.25 is representative of the scenario where all the grains are in direct
contact with each other but are smooth (i.e., does not have enough friction to prevent slip during
grain contacts) (Figure 4.4).
The estimation for the quantity of rough grains in the sediments 𝑓𝑡 requires that I first
compute dry-frame Poisson’s ratio and mineral Poisson’s ratio. Here, I calculate dry-frame
Poisson’s ratio using equations 1-2 and Gassmann Biot Theory (equations 10) and I estimate
mineral Poisson’s ratio using the Voigt-Reuss formula (equations 6-7). After that, I use both the
dry-frame and mineral Poisson’s ratios to calculate 𝑓𝑡 directly from equation 11. While
calculating 𝑓𝑡 , I randomly selected the input parameters (e.g., Vp and Vs) between their
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maximum and minimum values. Accordingly, my reported uncertainties are represented by the
variances from the 1000 model runs.
Further insights into microstructural properties of the sediments can be gained by examining
results from Bachrach and Avseth (2008). To improve model fits, Bachrach and Avseth (2008)
re-derived Hertz-Mindlin contact theory without assuming anything about the grain size and
roughness. Their results are shown in equations 12-13 where Rc/Rs represents the ratio between
the grain radius of curvature Rc and the grain radius Rs. These equations have been calibrated for
100 % quartz sands with minimum Poisson’s ratio of 0.25. They tested the models in relatively
deeper sediments (i.e., those between 500-1000 m below the surface) but this model has yet to be
tested for shallower unconsolidated sands. Though uncalibrated for shallower sediments, the
fundamental theory remains unchanged.
From their equations below, it can be shown that better fits between the model predictions
and measured seismic velocities can be achieved via adjustments of ft, c and Rc/Rs. Here, cRc/Rs
represents the effects of grain size, sorting and grain contact area on seismic velocities. Bachrach
and Avseth (2008) describe three main contact scenario (Figure 4.5). When Rc/Rs is equal to
one, the grains are all identical in size and mineralogy (Figure 4.5). When Rc/Rs is greater than
one, differences in angularity of the grains leads to a relatively larger radius of curvature (Figure
4.5). Lastly, Rc/Rs less than one indicates that sediments have more smaller contact due to
contact with a well-rounded and an angular grain (Figure 4.5). Finally, When Rc/Rs is equal to
one and ft is equal to one or zero, the model collapses to the traditional form of smooth (ft = 0)
and rough (ft = 1) grained Hertz-Mindlin’s model (Bachrach and Avseth, 2008) (equations 2-13).
Their results imply that a direct assessment for relative Rc/Rs, and therefore grain microstructure,
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can be gained directly from comparing the original form of Hertz-Mindlin model if ft is either 0
or 1.
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Figure 4.21 Graph taken from Bachrach and Avseth (2008) showing the relationship between
Poisson’s ratio and volume fraction of rough grains (no-slip contacts).
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𝑅𝑐
>1
𝑅𝑠

𝑅𝑐
= 1
𝑅𝑠

𝑅𝑐
<1
𝑅𝑠

Figure 4.22 Illustrations adapted from Bachrach and Avseth (2008) showing the three examples
of grain-grain contact scenarios based on the ratio between the grain radius of curvature Rc and
the grain radius Rs. Here, the dotted line illustrates the circle for which the grain radius of
curvature is based.

4.5 Results
4.5.1 Assessment of the Small Changes Hypothesis
The small changes hypothesis predicts that there should be increases to predicted seismic
velocities directly when the physical properties of the sediments alone are used in rock physics
models. Instead, my Hertz-Mindlin modelling results show that seismic velocities likely do not
increase with time if the velocities can be theoretically assessed from porosity, density, lithology
and fluid saturation alone (Figure 4.6-4.7). Specifically, the smooth grained Hertz-Mindlin
model predict that the average Vs of 195-243 m/s, 202-214 m/s, 209-237 m/s and 193-225 m/s
for sites 1-4 respectively (Figure 4.6). Hertz-Mindlin models predict average Vp for 388-421
m/s, 351-370 m/s, 364-412 m/s and 335-391 m/s for sites 1-4 (Figure 4.7). Welch’s t-test
indicate that the difference between the means (both Vp and Vs) site 4 and 1 are not significant
at the 0.05 % level (p = 0.07-0.83, df = 11-14, t = -0.23-1.94 where p, df and t respectively refer
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to the p-value, degrees of freedom and test statistics). Differences between the means between
sites 4 and 2 are also not significant at the 0.05 % level (p = 0.15-1, df =10-13, t = -1.1-1.5).
There is an 89 % chance that the differences between sites 4 and 3 are significant at the 0.05 %
level (p = 0.15-1, df =10-13, t = -1.1-1.5). The differences between Vs for sites 4 and 3 are
relatively small (11-17 m/s for Vs and 20-30 m/s for Vp or within 5-9 % of each other) and the
probability that site 4’s Vp and Vs is greater than site 3’s is 0.16-0.25. Together, these
observations indicate that it is unlikely that differences in sediment composition at each site are
solely responsible for the observed increases to seismic velocity with time.
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Figure 4.23 Graph contains probability density functions representing Hertz-Mindlin’s rock
physic model’s predictions for the average Vp at trench sites 1-4 at Port Royal Beach Jamaica. I
performed the analysis 1000 times for each site. The values represent a theoretical comparison
for the influence of porosity, density, moisture content and mineralogy on seismic velocities
between the sites.
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Figure 4.24 Graph contains probability density functions representing Hertz-Mindlin’s rock
physic model’s predictions for the average Vp at trench sites 1-4 at Port Royal Beach Jamaica. I
performed the analysis 1000 times for each site. The values represent a theoretical comparison
for the influence of porosity, density, moisture content and mineralogy on seismic velocities
between the sites.

4.5.2 Assessment of the Microstructural Changes Hypothesis
The microstructural hypothesis proposes that small grain-grain slipping, rolling, sliding and
rotating leads to increase in internal grain-grain friction at contacts. My assessments suggest that
this in unlikely to be the case at Port Royal beach. There, I find that the average bulk Poisson’s
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ratio at lines 1-4 ranges from 0.21-0.40 but does not decrease with time (which would imply
increasing grain-grain friction). Specifically, average bulk dry-frame Poisson’s ratio at sites 1-4
are 0.31±0.02, 0.35±0.02, 0.34±0.03 and 0.33±0.02 (Figure 4.8).
Combining the dry-frame and mineral Poisson’s ratio produces an average ft of -0.1±0.9,
-0.3±0.07, -0.23±0.13 and -0.25±0.08 at sites 1-4 respectively (Figure 4.9). Given these
relatively high Poisson’s ratio (Bachrach and Avseth, 2008), I interpret these negative values to
not only suggest my sands are not 100 % quartz, but also indicate that they are likely relatively
weak (based on Poisson’s ratio values). I further interpret the negative ft values to be indicating
that the some of the grains within the sand are not load bearing (i.e., not subjected to Hertziancontact forces as assumed by the model), and that grain slippage is allowed at contacts (i.e., 100
% smooth grains).
Together with the Poisson’s ratio results, these data not only imply that internal friction
remains relatively constant with time but also that changes to Rc/Rs can be directly assessed
from predictions from the smooth grain Hertz-Mindlin model. Comparisons between the HertzMindlin smooth grain model and the measured shear wave velocities at Port Royal beach
demonstrates that the model predictions increase with age (Figure 4.10). This implies that as
sediments get older, Rc/Rs gets closer to one which represents the conditions where the stresses
in the sand are being mostly supported by contacts between grains that are similar in size,
roundness and sphericity.
Changes to Rc/Rs accompanied by no significant increasing trends in ft suggest that the
sediments could be undergoing microstructural changes with age. Interpreted together, both ft
and Rc/Rs results suggest that the grains are sharing more of the contact area (or increasing
number of stressed grain-grain contacts), but slip will still be allowed between grain contacts
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during wave propagation excitations. The results predict that the effects of sorting, grain contact
number and angularity have decreased with time. Since sorting and angularity have limited
effects on Vp but tend to lower shear wave velocities, these predictions and/or interpretations
also provide a possible explanation for why the rate of increases to Vs outpaces increases in Vp
with time. More importantly, it provides a possible explanation for why seismic velocities at Port
Royal could increase with time without significant changes to its porosity given that previous
field and lab studies have shown that no significant changes to porosity are needed to explain the
microstructural changes proposed in this study (e.g., Atkins and McBride, 1992; Troncoso and
Graces, 2000).
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Figure 4.25 Box plots showing the average Poisson’s ratio at sites 1-4. Lower Poisson’s ratio are
indicative of sediments with higher internal friction.
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Figure 4.26 Box plots showing the volume fraction rough grains if the sands have100 % quartz
grains. The dashed blue line represents the prediction for no slip at grain contacts if all the grains
are quartz.
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Figure 4.27 Comparisons between Vs estimated using surface wave tomography versus Vs that
was theoretically calculated using Hertz-Mindlin’s (1949) and Walton (1987) rock physics
models assuming either 100% smooth (zero friction) grains or 100 % rough (infinite friction)
grains. Note that the rough grain model overpredicts velocities in all cases.

4.6 Conclusions
Sands at Port Royal Beach Jamaica experience increase to their elastic moduli with time that
are unlikely to be caused by changes to porosity and mineralogy, moisture content, cement
volume, sphericity, roundness and density. Instead, my results from rock physics modelling
indicate that microstructural grain-reorganization is one possible cause for seismic velocity
increase. These results provide field support that time since deposition (i.e., sediment age)
influences both the porosity and elastic moduli of sediments for at least 180 years after initial
deposition.
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CHAPTER 5

FACTORS CONTRIBUTING TO THE 2005-PRESENT RAPID RISE IN LAKE LEVELS,
DOMINICAN REPUBLIC AND HAITI (HISPANIOLA)

Lakes Enriquillo and Azuei, the two largest lakes in Hispaniola and in the Caribbean,
have risen 10 and 5 m respectively within the last 8 years. Higher lake levels have submerged
towns, road systems, agricultural lands and utilities, and have threatened to submerge the major
overland highway that connects the Dominican Republic and Haiti. In this study, I use CHIRP
seismic data, satellite imagery, and regional meteorological data to quantify and assess controls
on the recent lake level rises. Although data are limited, the analyses indicate that the lakes’
water level changes may be attributed to a combination of increased rainfall and natural or manmade changes to the hydraulic connectivity of the various water bodies within the drainage
basin. I show that a weak correlation exists between changes in Lake Enriquillo’s and Azuei’s
water levels and precipitation rates (0.2 and 0.08 respectively, 1984-2012) and that both lakes
experience periods of anti-correlation where, for example, water level drops at Lake Azuei (~20
masl) coincide with water level rises at Lake Enriquillo (41 mbsl). From these observations, I
propose that the lakes experience intermittent periods of hydraulic connectivity along reactivated
or newly developed stratigraphic-controlled sub-surface transport pathways. I also note that
moderately small (<Mw 5) earthquakes along the large active fault system that extends through
both lakes may promote or limit hydraulic conductivity on decadal or shorter time scales. The
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extents to which recent earthquakes have triggered changes in groundwater flow at this site
remain unclear but represent an important topic of future research.
5.1

Introduction
Lakes Enriquillo and Azuei are located ~5 km away from each other in Dominican Republic

and Haiti respectively (Figure 5.1). The hypersaline Lake Enriquillo forms both the largest lake
(352 km2) and the lowest point (41 mbsl) in the entire Caribbean region. Lake Azuei is a smaller
(137 km2) fresh-water lake that lies ~20 m above sea level (Figure 5.1). Together, they have a
combined area of 489 km2 (in 2013) and are the two largest lakes in Hispaniola (which host the
countries Dominican Republic and Haiti) and the Caribbean region.
Previous studies have shown that Lake Enriquillo has experienced prolonged (decadal to
multi-decadal) periods of sustained lake level rises and drops (Buck et al., 2005; Luna and
Poteau, 2011). The most prolonged period of lake level rise in the historical record occurred
between 1959 and 1968 when water levels rose from 45 to 35 mbsl (Buck et al., 20015).
Between 1969 and 2000, the lake level steadily declined to a mean elevation of 48 mbsl,
allowing local inhabitants to construct towns at sub-sea level elevations as well as allowing them
to clear areas of the former lake bed for agricultural and pastoral lands (Buck et al., 20015).
Since 2005, a steady rise in Lake Enriquillo’s water level has led to a reversal in the previous
trend. Specifically, between 2012 and 2015, rising waters displaced 16 rural communities and
10,000 families plus livestock, and flooded 1000 homes and submerged 46,500 acres of
agricultural lands assessed at ~$ 2.5 million US dollars (Daniel and Lopez., 20013; Comarazamy
et al., 20015).
A smaller rise on the steeper-sided Lake Azuei has led to the inundation of lakeside
towns, markets, and administrative buildings. Rising water from the lake has also disrupted
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communication by flooding sections of the main overland highway that allows for transportation
and trade between the two countries. Understanding the causes for the past and recent changes in
water levels is critical for remediation and hazard management efforts in the Haiti-Dominican
border region (Daniel and Lopez., 2013; Comarazamy et al., 2015).
Reconnaissance studies by past and current workers hypothesize that lake level changes
are controlled by a combination of short-term meteorological and geological changes in the
region (Luna and Poteau., 20011; Payano and Medrano., 2012). One study (Luna and Poteau.,
2011) uses normalized vegetation indices, combined with interpretation of Landsat images, to
test if Lake Enriquillo is responding to weather and land use/cover changes (LULCs) in the
region. Their analyses indicate that LULCs in the region are subtle and do not correlate well with
lake level changes from year to year, thereby implying that LULCs have had minimal impacts on
lake levels. Instead, their study concludes that Lake Enriquillo’s abrupt rise is related in part to a
recent increase in the frequency and magnitude of storms in the region. However, the authors
note that their results are limited by the lack of bathymetric and evaporitic data (for the lake)
from which they would have been able to better constrain the lake’s precise level and volumetric
change with time. Another study (Payano and Medrano, 2012) documents several ongoing
hypotheses that attempt to explain the relationship between lake level rise, and meteorological
and geological changes in the region. Specifically, they document hypotheses that question if
weather patterns, combined with either sea surface temperature anomalies or increases in
sedimentation in the lake, are the causes of the recent lake level rise. Here I build on past studies
(Luna and Poteau, 2011) by analyzing new and necessary data that allow a re-assessment of the
weather hypothesis.
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My main objective is to build on the previous studies, for example (Luna and Poteau.,
2011), by introducing geophysically-derived lake floor bathymetry maps, correlation analysis
and empirically-derived estimates of evaporation rates that improve past assessments of the
weather hypothesis. I also broaden the geologic background of Lake Enriquillo by not only
analyzing its change in lake levels, but also including water level changes in the neighboring
lake, Lake Azuei, which likely represents an important source of water for Lake Enriquillo
(Figure 5.1). The analyses suggest that changes in hydraulic conductivity (between the lakes and
surrounding regions) play an important role in lake level change. Because of this, I test a second
hypothesis, henceforth defined as “the hydraulic-connectivity hypothesis”. For this, I propose
that changes in Lake Enriquillo’s water levels are caused not only by changing weather patterns,
but also by changes in surface and sub-surface hydraulic conductivity in the region. By reassessing the weather hypothesis in light of the hydraulic connectivity hypothesis, my study
proposes new and non-climatic controls that may be contributing to the recent rise in both lakes.
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Figure 5.28 A map that focuses on Lake Enriquillo’s drainage basin and the hydrologic
connection between the water bodies within and outside of the basin. Water body locations that
have undergone hydrologic changes since 2003 are boxed and numbered; white lines indicate
streams or man-made channels; gray lines within the lakes are the seismic track lines. The map
also shows the pattern of the lake’s areal growth since 2004 and the location of the EnriquilloPlantain Garden Fault zone (EPGFZ). Since 2004 the lake has grown significantly more easterly
or westerly than northerly or southerly.

5.2

Geologic Setting of the Enriquillo-Cul-de-Sac Basin of Hispaniola
The Enriquillo-Cul-de-Sac basin of southern Hispaniola is a 130-km-long east-west trending

topographic depression that extends from Baie de Port-au-Prince, Haiti to Neiba Bay, Dominican
Republic (Figure 5.1). During the higher sea level of the middle Holocene (6000 - 4800 BP), the
Enriquillo Valley was a fully marine environment rimmed by fringing corals reefs that, together
with the valley floor, formed an elongated embayment of the Caribbean Sea that closed on its
western end near the present sill between Lake Enriquillo and Azuei (Figure 5.1). This
embayment provided marine waters during the initial stages of the formation of the presently
hypersaline Lake Enriquillo (Mann et al., 1984; Taylor et al., 1985). Approximately 4300 to
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4000 years ago, the embayment was isolated from the Caribbean Sea by a combination of
tectonic uplift and sedimentation associated with the natural damning of the island’s largest river
system (Yacque Del Sur) and, as a result, Lake Enriquillo became progressively more
hypersaline (Mann et al., 1984; Taylor et al., 1985).
Today, the Enriquillo Valley is bordered by WNE-ESE trending mountain that host
interlocking spurs with intermittent streams, alluvial fans and inferred limestone systems. The
valley floor is bisected by the Enriquillo-Plantain Garden Fault Zone (EPGFZ), a left-lateral
strike-slip fault system that extends from central Jamaica to the south-central section of
Hispaniola (Figure 5.1). The EPGFZ crosses from east to west through Lake Enriquillo, subparallel to Isla Cabritos, and through the extreme southern end of Lake Azuei (Figure 5.1) (Mann
et al., 1984; Cowgill et al., 2012). In addition to Lake Enriquillo and Azuei, two smaller lakes
(Trou Caiman in Haiti, Laguna del Rincon in Dominican Republic) are present (Figure 5.1).
Since the hydrology and geology of Lake Enriquillo is more studied than Lake Azuei in
Haiti and has experienced the most significant changes to its water levels, the lake represents a
good starting place for understanding the relationships between lake levels and weather pattern
changes across the region. Previous studies show that the lake is responsive to both short-term
(seasonal/annual) and long-term (multi-decadal, 10 - 15 years) variations in weather and climatic
patterns (Buck et al., 2015; Luna and Poteau., 2011; Greer et al., 2006). In 2006, another study
(Greer et al., 2006) also presented evidence based on the reactivation of river channel correlating
closely with a spike in Lake Enriquillo’s water levels to suggest that hydraulic connectivity of
rivers with the lake may also play a role in lake level rise, rather than climate changes alone.
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5.3

Determining Lake Elevation, Area and Volume Changes (1984-2013)
During May 5-11, 2013, I collected 65 km of seismic reflection data using a portables single-

channel CHIRP profiler. For my surveys, I mounted the CHIRP transducer along a steel pole and
used a clamp system to attach the pole and transducer to a boat that travelled at 3 - 4 knots. The
chirp system produced pulses that have two different source frequencies: - a 3.5 kHz centerfrequency which imaged up to 30 m below the lake floor and a 200 kHz center-frequency source
that maps the lake’s floor with sub-meter vertical resolution (Figure 5.2). As the system runs, it
saves the seismic data in SEG-Y format and uses a non-differential GPS (mean accuracy ± 5 m)
to record each shot and receiver location. Each shot is produced roughly 30 seconds apart. I used
the seismic-reflection profiles, together with Landsat data, to estimate lake level elevation and
volume change with time.
These seismic-reflection profiles show no clear evidence for recent significant slumping.
Since no major (>Mw 5) earthquakes have occurred within the area of Lake Enriquillo for at
least the past 240 years (Bakun, 2012), I suggest that it is unlikely that there has been significant
recent changes to the lake’s bathymetry due to ground motions that accompany major
earthquakes. This implies that the lake’s water level elevation changes are controlled primarily
by lake water volume as opposed to tectonic or geomorphic changes in the lake bed. I use the
Landsat images to outline the surface area of the lake per given time and conclude that each
outlined lake surface area corresponds to a different lake level elevation. Since seismic data were
also collected when the lake was at a higher elevation, the lake level elevation at low stands is
represented by the mean depth from the 2013 water surface to the lake floor at the points where
each lake level low stand (surface area polygon) intersect a known 2013 water depth.
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I combine the seismic data and Landsat images with past bathymetric contour maps
(Buck et al., 2015) to estimate the bathymetric profile across Lake Enriquillo. I update the
contours (Buck et al., 2015) by first estimating the lake level elevation in 2003 and then by
shifting the values of the contours by the mean lake level rise between 2003 and 2013. Finally, I
use Sibson’s natural neighbor interpolation method (Sibson, 1981) to fill in depth values at the
more under-sampled regions of the lake. In this interpolation method, the seismic and contour
depths are used to create an initial tessellation of the lake’s surface (i.e. a partitioning of the lake
into Voronoi polygons that do not overlap) (Sibson, 1981). After initial tessellation, new Voronoi
polygons are created for then on-sampled sections of the lake (Sibson, 1981). The depth value
assigned to each new polygon is result of the integral of the weighted interpolation smoothing
function (see Sibson, 1981). Each weight is based on the degree of overlap between the new
polygons and the Voronoi polygons from the initial tessellation. Ultimately, the Sibson’s
interpolation method favors smooth bathymetric profiles (Sibson, 1981).
I then create a 2013 bathymetric map of Lake Enriquillo (Figure 5.2) and use it to
calculate the lake’s volume change with time. I begin to calculate lake volume by first
partitioning each lake surface area polygon into smaller groups of 75 m × 75 m bins. Afterwards,
I multiply each binned area by its associated depth, and sum all bin values together to calculate
total volume. I did not have the same type of bathymetric information for Lake Azuei. Instead, I
make preliminary estimates of lake volume changes based on slope of the lake coastline during
the past 10 years.
5.4

Collecting Precipitation Data and Estimating Evaporation Rates
To begin analyzing the effects of weather patterns on lake level change, I use meteorological

data from the National Oceanic and Atmospheric Administration (NOAA) and the Jimani local
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weather station, located on the sill area separating Lake Enriquillo and Azuei (Figure 5.1), to
account for both water sources (precipitation) and sinks (evaporation) in the region. Since neither
station collects evaporation data at the site, I employ the Kohler-Nordenson-Fox (KNF) formula
(Koehler et al., 1995) to estimate the historical evaporation rates in the region.
Using root-mean-squared error, standard deviation and percent error analysis to gauge the
relative error between empirical formula estimates for evaporation rates versus measured
evaporation rate for 23 years of data, a recent study (Irmak and Haman., 2003) confirmed that
the KNF equation is a reliable empirical formula for estimating evaporation rates in a humid
climate. In humid conditions, they showed that annual evaporation rate estimates from the KNF
formula is within 4% of measured evaporation rates-as compared to the 11%, 26%, 21% and
26% errors by the Penman, Christiansen, Priestley-Taylor and Linacre methods respectively. The
general formula (Equation 1) for the KNF method is given below,

𝐸𝑝𝑎𝑛 =

∆𝑅𝑛 + 𝛾𝑝 𝐸𝑎
Δ + 𝛾𝑝

(1)

Where 𝐸𝑝𝑎𝑛 is the estimation for the pan evaporation rates (mm∙d), ∆ is the gradient of
the air temperature −1 versus saturated vapor pressure curve (kPa/˚C), 𝑅𝑛 is the net radiation
(mm∙d), 𝛾𝑝 is the Kohner et al. (1955) derived psychometric constant (0.001568P in kPa/˚C
where P is the atmospheric pressure in kPa) and 𝐸𝑎 represents the aerodynamic function
(mm∙d−1). Since these variables are not collected by NOAA or local weather stations, I re-write
the KNF formula in terms of variables that are collected at the study location. To do that, I
employ empirical formulas from several evaporation related studies (Koehler et al., 1995;
Lamoreaux, 1962; Jensen, 2010; Samanu et al., 2007; ASAE Standards, 1995).
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Using the KNF formula, as well as the auxiliary formulas found within the
aforementioned studies (Koehler et al., 1995; Lamoreaux, 1962; Jensen, 2010; Samanu et al.,
2007; ASAE Standards, 1995), I estimate that evaporation rates in the Enriquillo Valley ranged
from 2.3 to 3 mm/day between 1970 and 2013. These values are within range of known pan
evaporation rate estimates in Puerto Rico, the closest locality that has accessible evaporation
data, as well as with remotely sensed derivations of evaporation rates over Hispaniola (Harmsen
et al., 2010).

Figure 5.29 A bathymetry map that segments Lake Enriquillo into basins (north and south) and
flanks (east and west) based on position and water depth.

5.5

Performing Correlation Analyses of Lake Levels and Weather Patterns
I re-assess the weather hypothesis by quantifying the relationship between lake levels and

weather patterns. To this end, I perform the Pearson product-moment correlation coefficient
(PPMCC) test for the changes in lake levels versus the changes in weather patterns. Precipitation
and evaporation rates were sampled on a monthly basis (1950-2013), while my sampling of the
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lake’s water level elevation was limited by the number of available and cloudless Landsat images
(1984-2013). Specifically, I resolve lake level elevation change for at least 2 - 7 months in 22 out
of the 30 years since 1984 (i.e., I determined lake level elevation for an average of 4 months per
year; the images used were taken at various times (wet and dry periods) throughout the year. I
attempt to remove the sampling bias by first averaging the lake level elevation for each year, and
then by finding the change rate for each successively sampled lake level elevation year (for
example, good cloudless Landsat data is scarce between 1992 and 1996, therefore the 1992 lake
elevation value would serve as the base year value when calculating the elevation change
between 1992 and 1996). Afterwards, I down sampled my weather data to match the sampling
resolution of my elevation data (i.e., the change in the 1996 weather data also uses 1992 as a
base year). Lastly, I normalized the two data sets and used PPMCC formula to calculate the
correlation coefficient between the lake level elevation and weather patterns change. Finally, I
supplement the correlation data by comparing the lake’s water level elevation change to the
frequency and duration of storms in the drainage basin.
5.6

Lake Bathymetric and Aerial Spreading Patterns
Lake Enriquillo’s surface area is controlled by the lake’s bathymetry and regional

topography. The lake is deepest in the north (~32 m in 2013) and south (~18 m in 2013) basins
and shallowest along the eastern and western lake flanks where ~21% of the lake is below 4
meters (Figure 5.2). As of 2013, the lake had an average water depth of 11 m. The east and west
flanks of the lake exhibit a very gentle bathymetric gradient that ranges from 0 to 1.4 degrees. In
contrast, the north and south basins, as well as the lake floor surrounding Isla Cabritos, a large
geologic anticline (Mann et al., 1999), display steeper slopes that range from 4 to 9 degrees. As a
result of the differences in bathymetric depth and slope, Lake Enriquillo typically experiences
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greater surface area growth on its western and eastern flanks than on the northern and southern
flanks (Figure 5.2). From 2004 to 2013, measuring from the most protruding section of the lake
flanks, the lake extended between 0.5 and 2 km north to south and between 6 and 8 km east to
west.
From 1984 to 2013, Lake Enriquillo’s water level has ranged from 54 to 41 mbsl with a
mean elevation of 50 mbsl (Figure 5.3). The lake’s water level elevation was lowest in 2004 (54
mbsl) and highest in 2013 (41 mbsl). From 1984 to 1997, water levels generally drop from 49 to
51 mbsl respectively. Afterwards, I see a three-year period of inter-annual to biennial lake level
fluctuations ranging from 52 to 49 mbsl. This three-year period is highlighted by the 1998 lake
level rise which, incidentally, captures the range for the period. From 2000 to 2004, the lake
level (again) generally dropped from 49 mbsl to its lowest level, 54 mbsl. Finally, the 2005 to
2013 period is highlighted by a sustained 10 m rise (from 51 to 41 mbsl). I refer to the 2005 to
2013 increase in water level elevation as “recent lake level rise”.
Lake Enriquillo’s water volume and area changes mimic its elevation changes. The area
curve shows predominant decreases from 1984 to 1997, then a relatively significant increase in
area (in 1998) that is sustained until ~2002. Afterwards, lake level generally falls until 2005.
Lake area more than doubled from 2005 to 2013, increasing from 162.3 km2 to 352 km2 (Figure
5.4). Lake volume shows the same general trend (Figure 5.4).
Lake Azuei’s area ranged from 112 to 121 km2 between 1984 to 2006 and experienced
several relatively minor (±4 km2/yr) fluctuations throughout that period (Figure 5.5). From 2006
to 2012, the lake grew from 121 km2 to 137 km2. The range and standard deviation of Lake
Azuei’s areal coverage is 25 km2 and 5.6 compared to Lake Enriquillo’s values of 189 km2 and
5.5 respectively.
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5.7

Core and Correlation Analysis of Climate-Driven Lake-Level Change
I collected three 25 cm cores within Lake Enriquillo in May 2013. Foraminiferal

biostratigraphy coupled with the X-ray fluorescence elemental analyses reveal a high salinity
zone between ~5 - 10 cm and low salinity zones between ~0 - 5 cm and ~10 - 20 cm. The high
salinity zones, represented by an abundance of Miliolid benthic foraminifers and increased wt%
of trace elements Ca and Sr, are interpreted as dry evaporative periods. The low salinity zones,
represented by an abundance of Ammonia tepida and Brizalina benthic foraminifers as well as
the relative increases in the wt% of Si and Al and the ppm concentrations of Cr and Ni, are
interpreted to be derived from terrigenous sources and transported to the lake during wetter
periods. Together, the wet and dry periods represented in the cores indicate that Lake Enriquillo
sediments record changing weather patterns. However, I am not able to provide age dates or
sedimentation rates for these zones since short-lived radioisotopes were barely detectable within
the cores. Instead, I rely on correlation analysis to further understand the timing relationship
between lake levels and precipitation change in the region.
A weak correlation (0.20) exists between the change in Lake Enriquillo’s water level
elevation and the change in precipitation rates across the region (1984 to 2013). When the
correlation test is performed for the 2005 to 2013 period, I see a moderately positive (0.50)
correlation. However, when I consider the effects of evaporation on the lake’s water budget, the
correlation r2 values reduce to 0.12 and to −0.37 for the 1984 to 2013 and 2005 to 2013 period
respectively.
For Lake Azuei, I observe the same poor correlation value (0.08) between the lake’s areal
change and precipitation rates for the periods 1984 to 2013 and 2005 to 2013. When evaporation
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rates are accounted for, the correlation r2 value jumps to 0.45 for the entire period and to 0.97 for
the 2005-2012 period.

Figure 5.30 Graph shows the relationship between Lake Enriquillo’s water level elevation, the
annual precipitation rates from collected at the Jimani local weather station and timing of storms
(tropical depression or greater) in the valley. Correlation analysis shows that a weak correlation
exist between the two variables; TD stands for tropical depression, TS for tropical storm, H#
stands for the hurricane with the # referring to the category of said hurricane. Lake Enriquillo’s
water levels tend to rise after the passage of storm events.
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Figure 5.31 Graph of Lake Enriquillo’s water area and volume history with time; it shows an
unprecedented continuous growth in the lake’s water area and volume since 2005.
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Figure 5.32 Graph highlights periods of correlation and anti-correlation between the Lake
Enriquillo and Lake Azuei’s areal change history with time. From this relationship I hypothesize
that short-period of anti-correlation represent potential times when the lakes may have been in
hydraulic communication. The graph also indicates significant changes in weather patterns as
well as the timing of earthquakes in the valley.

5.8

Storm Effects on Precipitation
Since 1984, a total of 15 storms (tropical depression or larger) have tracked directly over

Hispaniola (Figure 5.3). Years with storms across Hispaniola tend to have, on average, a 19 cm
increase in precipitation rates (Greer et al., 2006); however, no such trend is found across the
Enriquillo Valley basin. Instead, the mean precipitation rate for the 15 years with a storm was
lower (717 mm/yr) than the 15 years without a storm (723 mm/yr). The 2005-2013 period
accounted for 5 of the 15 storms and records the highest mean lake level elevation and
precipitation rate for any consecutive eight-year period (45 mbsl and 892 mm/yr). Before that
(1984-2004) there were 10 storms and the mean lake level elevation and precipitation rate was
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50 mbsl and 644 mm/yr respectively (Figure 5.3). The mean precipitation rate for any
consecutive eight-year period (before 2005 to 2013) was 700 mm/yr.
Of the total 15 storms, 7 of them have tracked within a 100 km radius of Lake Enriquillo
and Azuei (years-1987, 1993, 1998, 2003, 2005, 2007, 2008). These storm years experienced a
mean precipitation rate of 752 mm/yr—29 mm/yr higher than the mean precipitation rate for all
the 15 storms that have tracked over the island, thereby suggesting that storm pathways across
the country are important factors to consider when assessing the impact of storms on
precipitation rates in the valley. Since 2005, the three years in which the storms tracked within a
100 km radius of the lake have had mean precipitation rate of 919 mm/yr while storm years
before 2005 experience a mean precipitation rate of 652 mm/yr. At least 9 out of the total 15
storms immediately precede increases in Lake Enriquillo’s water level while at least 7 out of the
15 storms have immediately preceded short spikes in Lake Azuei’s water levels. This
preliminary result suggests the frequency of large storms tracking over the site plays an
important role in lake level change.
Hurricanes Georges (1998), Jeanne (2004) and Alpha (2005) are examples of storms that
have had significant impact on the hydrologic and geomorphologic landscape within the
Enriquillo Valley i.e. lake level rises and widespread landslides and flooding in the valley (taken
from NOAA Storm Reports between1984-2014). Hurricane Georges (September 1998) delivered
over 900 mm of rain. Following the passage of Hurricane Georges, Lake Enriquillo rose
approximately 2.5 m before the first sign of any lake level drop almost three months later—
January 1999. On the other hand, Lake Azuei’s area fell by 0.24 km2 between August and
October 1998 but rose by 0.37 km2 between October and December 1998. Hurricane Jeanne
(September 2004) lingered over the country for the longest time of any storm within the last 30
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years (6 hours) and supplied over 300 mm of rain. Even though the storm tracked ~145 km
northeast along strike of the drainage basin, the storm was partly responsible for a ~1 m rise in
Lake Enriquillo’s water level and a 0.5 k (at most) increase in Lake Azuei’s area. Hurricane
Alpha (October 2005) is the only storm to have tracked directly over Lake Enriquillo. The lake
rose ~0.5 m between the passage of Alpha in September and January 2005. Clearer images are
required to decipher Alpha’s effect on Lake Azuei’s areal coverage.
5.9

Water Budgets Contributions from the Drainage Basin
If I limit the lake’s water budget to the effects of direct precipitation (including rain from

storms) and evaporation, I am able to calculate the yearly volume of water entering the lake via
water transportation methods that exist in the land area of the drainage basin (rivers, ground
water flow etc.). The results show that the mean volume of water entering Lake Enriquillo, from
the drainage basin, has increased by 0.38 km3/yr since 2005. Between the 1985 to 2004 period,
the lake required an average of 0.02 km3/yr volume input from the drainage basin compared to a
0.4 km3/yr between 2005 and 2013 (Figure 5.6). The years 2008, 2009 and 2012 require notably
high volumes of water from the drainage basin (1 km3, 0.6 km3 and 0.5 km3 respectively).
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Figure 5.33 Bar graph shows the estimated annual volume of water entering Lake Enriquillo via
non-direct means (i.e. all methods of water transportation except for direct precipitation of water
into the lake). The volumes were calculated by subtracting the net direct input the lake (direct
precipitation minus evaporation volumes) from the calculated yearly changes in volume; 20082012 require very high values of water in order to explain the changes in volume in Lake
Enriquillo.

5.10

Testing the Hydraulic Connectivity Hypothesis

Though there have been contemporary (1984 to 2013) rises in the Lake Enriquillo’s water
levels following 9 out of 15 of the storms, the weak correlation between lake levels and
precipitation and the notably high volumes of water required from the drainage basin to fill the
lake in the latter years (2008, 2009 and 2012) imply that changes in water supply from the
drainage basin is an important contributing factor in Lake Enriquillo’s water levels. Therefore,
changes in precipitation across the region combined with changes in the hydraulic connectivity
across the valley can control Lake Enriquillo’s elevation.
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The hydraulic connectivity hypothesis questions if the large volumes of water—required
for explaining the change in Lake Enriquillo’s water volume between 2008 and 2012—may be
attributed to greater hydraulic connectivity between Lake Enriquillo and Lake Azuei, the Rio
Yacque del Sur or the Caribbean Sea. I test Lake Enriquillo’s potential hydraulic connection to
Lake Azuei by examining the relationship between their relative surface area and volume. For
the Rio Yacque Del Sur, I explore changes in the stream and irrigation network that might
enhance potential flow into Lake Enriquillo. Finally, I use water salinity studies to briefly test if
the Caribbean Sea plays a significant role in supplying water to the Lake Enriquillo.
5.11

Surficial Stream-Lake Hydrologic Connectivity within the Enriquillo Valley

The main water bodies in the Enriquillo Valley—Trou Caiman, Lake Azuei and Enriquillo,
Rio Yacque Del Sur, Laguna del Rincon—display varying degrees of surficial hydrologic
connectivity (Figure 5.1). These connections occur in the form of natural as well as man-made
streams. For example, Trou Caiman hydrologically connects to Lake Azuei and the Caribbean
Sea via a man-made canal dug during the 1920’s (Figure 5.1 Box 1) whose bed widths widen or
narrow, respectively, as the volume of water in Trou Caiman expands or contracts. Photographs
(dated 7/20/2002 to 5/9/2008) show that the canal between Trou Caiman and the Caribbean Sea
was perhaps not operational between 2002 and 2008, but that the same channel was functional
before 2002 and between 2009 and 2013. In contrast, the canal leading towards Lake Azuei
maintained water flow between 2002 and 2013 and had a bed width of 3.5 and 6 m in 2002 and
2013 respectively. Though I have not directly measured the depth of this canal, analysis of
satellite images indicates that the channel is likely relatively shallow (0.3 - 0.5 m). If the
estimated depths are reasonable, I calculate (using the Manning’s Equation) that the canal
supplies between 0.045 and 0.06 km3 of water per year to Lake Azuei.
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Lake Enriquillo is fed by several streams that are either mostly confined to the mountains
or the valley floors (Figure 5.1). Although karst emergent streams are a feature of the
mountainous regions (Figure 5.1 Box 5), the majority of the channels in the mountains host
ephemeral streams that direct water towards Lake Enriquillo during and after rainfall events.
Watershed modelling (using ASTER DEMs) shows that, of these ephemeral streams, the stream
identified by Box 4 of Figure 5.1 likely contributes the most volume of water to Lake Enriquillo;
this is indicated by the number and length of water transport depression pathways that join the
stream. Box 6 of Figure 5.1 identifies a section of Lake Enriquillo’s most prominent and
continuously flowing (largest volume flux and bed width-16 m in 2013) feeder stream.
Photographs show that this stream was hydrologically connected to the irrigation system/the Rio
Yacque del Sur (which feeds the irrigation system) prior to (latest 2003) the recent rise in Lake
Enriquillo’s water levels (Figure 5.1 Boxes 10, 11 and 12). By the latest 2010, the same stream
had gained a second confluence with the irrigation system (Figure 5.1 Box 8; Figure 5.7c). The
new confluence location indicates that the irrigation system/Rio Yacque del Sur has been
contributing more water to the stream, and ultimately to Lake Enriquillo, since the latest 2010.
Local residents, as well as visiting scientists from the Instituo Nacional de Recursos
Hidraulicos (INDRHI), note that Laguna del Rincon hydrologically connects to Lake Enriquillo
during and after flooding events (Figure1 Box 9). During heavy rainfalls or floods, water from
the Yacque del Sur flows towards the Caribbean Sea and Lake Enriquillo (via the tributaries in
the basin, via overland flow and via the irrigation system). Some of the water inevitably finds its
way to Laguna del Rincon. The rainfalls, as well as the new supply of water from the Yacque del
Sur, causes lake levels to rise at Laguna del Rincon. Once the lake overflows, the water makes its
way towards other tributaries and the irrigation systems that discharge into Lake Enriquillo. This
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implies that more precipitation, combined with human-caused changes to regional hydrology in
canals, contribute to the recent lake level rises.
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Figure 5.34 Photographs shows the hydrologic and geomorphic changes to three stream
locations in the Enriquillo Valley. The alphanumeric text on the top left of the photographs (e.g.
7(a)-2004) refer to the Figure identifier (7(a)) and the year the photograph was taken (2004); the
number on the right of the photographs refer to the box location identifiers in Figure 5.1 (e.g. the
number 2 on the top right of Figure 5.7(a) indicates that the adjacent photographs were taken at
the location identified by Box 2 in Figure 5.1). Topo- graphic maps dating back to 1984, as well
as google earth images, show that there were no streams in the location photographed in 7a until
around 2010; 7(b) shows the range of bed width for one of Lake Enriquillo’s prominent feeder
streams (2 m in 2003 and 16 m in 2010); 7(c) is the same stream as 7(b); the photograph from
7(c) marks the location where stream 7(b)/7(c) forms a second confluence with valley the
irrigation system in 2010.
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5.12

Hydrological and Geomorphic Changes to the Valley Streams

Large rainfall events cause fluvial geomorphic changes in the valley. For example, Hurricane
Georges (1998) reactivated an old river channel directly east of Lake Enriquillo (Greer et al.,
2006). This channel was partly (together with the hurricane itself) responsible for a ~1.5 m rise
(a month later) in Lake Enriquillo’s water levels (Greer et al., 2006). This is perhaps not an
isolated case as images show that, following Hurricane Noel in 2007, new temporary rivers and
ponds formed in and around the hinterlands of Laguna del Rincon. Satellite images also show
that, following the passage of a low-pressure rainfall system in 2004, the stream located at Box 3
of Figure 5.1 (also shown by Figure 5.8) was marked by wash over deposits and rill features that
ultimately get eroded to form channels for several braided and intermittent streams that discharge
into Lake Enriquillo (Figure 5.8). Given these examples, where changes in the geomorphology
and hydrology of the valley closely correlate with storm events, I question whether the newly
observed sinkhole (2010) between Lake Enriquillo and Azuei (Figure 5.1 Box 3) may be related
to storm activity in the valley. Specifically, I hypothesize that increased water from storms
should raise the water table and promote chemical weathering of the carbonates in the subsurface -- thereby creating favorable conditions sinkhole formation.
I also find that, on average, surface width increases in most to all of valley streams have
coincided with increases in precipitation rates across the valley (2005-2013). Without current or
historical flux and bed channel measurements, it remains unclear whether these changes are
permanent (i.e. accompanied by incision and bed wall erosions). Given the 14 - 16 m increases in
the surface width as well as new/more pronounced cut-banks (and meanders) seen in stream
7a/7c, I suggest that the stream has experienced widespread bed erosion. This type of stream
erosion indicates that, at some points over the past 8 years, the stream’s capacity has exceeded

119

the sediment load in the channel (Montgomery and Dietrich., 1992). Since a stream’s capacity is
dependent on its fluid discharge and velocity, I suggest that the stream’s new connection with the
Rio Yacque del Sur as well as the increase in storm activity in the region may have provided the
necessary water to affect the flow regime of the stream. Perhaps even more interesting, but less
known, is whether this new confluence location may be related to erosion caused by added storm
waters in the region.
Using ASTER DEM watershed modelling where I assume that water travels down the
path of steepest slope, I identify a favorable pathway for significant stream flow activity between
Lake Enriquillo and Azuei. This predicted pathway is almost identical to the stream flow
pathway of a new or reactivated stream (2010) that formed between Lake Enriquillo and Azuei
(Figure 5.7b and Figure 5.1 Box 2). It is unclear why the stream was not present in any previous
aerial photographs or topographic maps dating back to the 1980s. However, barring tectonic and
other effects, riverbed incision along the hill slope is a competition between diffusive transport
processes (soil creep, rain splash, bioturbation) and climatic conditions that provide the water for
advective-transport erosion along the hill slope (Whipple and Tucker, 2002; Ferrier et al., 2013).
Therefore, an increase in precipitation rates may have been an important contributing factor to
the initial incision and channelization of the new stream. The recent rains likely generated
improved water transportation within the new streams.
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Figure 5.35 Photographs shows the initial change in the land before and after a strong storm
event in 2004; it then shows what the continued geomorphic and hydrologic change that the area
experienced in 2010 and 2012.

5.13

Is Lake Enriquillo Hydrologically Connected to the Caribbean Sea?

Historic salinities at Lake Enriquillo range from 22 to 104 ppt (Figure 5.9). From 2001 to
2003 salinity values were relatively high (81 ppt, 103 ppt, 104 ppt respectively), afterwards there
was precipitous fall in 2004 (44 ppt) and a subsequent rise in 2005 (90 ppt) (Buck et al., 20015;
Taylor et al., 1985; Greer et al., 2006). By 2013, the salinity values were at its lowest measured
in the past thirty years, 22 ppt. Inter-annual variations of salinities are common (Buck et al.,
20015; Taylor et al., 1985; Greer et al., 2006), with the most drastic recent measurement coming
from the year 1998 where salinities went down from 92 ppt in July to 55 ppt in October (Greer et
al., 2006). There are minor temporal and spatial variations in the salinity values for the north and
south basins; however, these variations are on the order of ±2 ppt (Buck et al., 2015) and are
therefore ignored here. Higher salinity values generally correspond to lower lake level elevations
and vice versa. Therefore, the fall from 90 to 22 ppt between 2005 and 2013 indicates that
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mostly fresh water has been introduced to the lake since 2005. This indicates that the Caribbean
Sea is unlikely to be contributing large volumes of water to Lake Enriquillo.
5.14

Is Lake Enriquillo Hydrologically Connected to Lake Azuei?

I can make reasonable assessments about the lakes’ potential hydraulic connectivity through
detailed examinations of the relationship between their areas. In general, Lake Azuei experiences
smaller surface area changes compared to Lake Enriquillo (Figure 5.5). The relatively smaller
range in Lake Azuei’s rise in lake level is likely due to the steep bathymetric and topographic
gradient that exists on either side of the Lake Azuei’s coastline (A. von Lignau, personal
communication, June 17, 2014). This enables the lake to increase significantly in volume without
expanding significantly in surface area. In contrast, larger fluctuations in Lake Enriquillo’s areal
coverage are likely due to the fact that Lake Enriquillo has a relatively gentler slope on its east
and west flanks (Figure 5.1). Therefore, I interpret small changes to Lake Azuei’s areal coverage
as relatively large changes in volume and, at the same time, interpret large changes in Lake
Enriquillo’s surface area as moderate changes in its water volume.
Given that the lakes are only 5 km apart, I expect that both lakes will experience similar
gains or losses to their water volumes and areas (i.e., a positive correlation between the changes
in lake area). Without a catalyst that changes the fundamental relationships between the lakes’
water budgets, I do not expect to see sustained/short periods of anti-correlation except if Lake
Azuei acts as an upstream dam that opens (loses large volumes of water to Lake Enriquillo) and
closes (retains its water) at different times as lake levels change (Figures 5.5, 5.10). In such a
system (Figure 5.10), the storage reservoir (upstream body of water, Lake Azuei) will lose water
to the downstream outlet (downstream body of water, Lake Enriquillo) if the sluice gate is
opened. The two water bodies will not be in hydraulic communication if the sluice gate is closed.
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Given that a 60 m hydraulic head exists between the lakes, I can consider the sluice gate in the
dam system as an analogy for the critical water volume and pressure needed to promote subsurface hydraulic communication between the lakes. The lakes would be in hydraulic
communication only if there is sufficient water pressure to drive fluid flow through the joints in
more permeable carbonates rocks between the lakes.

Figure 5.36 Graph compares Lake Enriquillo’s water level history with the measured salinity
values with time. The 2013 salinity measurements were collected using a salinity probe deployed
off the side of the boat. Other measurements are taken from the literature (Buck et al., 2015;
Mann et al., 1984; Greer et al., 2006). Given the fall in salinity between 2005 and 2013, it is
unlikely that the Caribbean Sea is playing a major role in Lake Enriquillo’s lake level rises.
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5.15

Intermittent Hydraulic Connectivity between Lakes Azuei and Enriquillo?

I begin my test of the lakes-dam analogy by identifying the anti-correlated and correlated
periods in the lakes’ relative area change with time. For 13 years (from 1984 until 1997), Lake
Azuei experienced sustained periods (years) of lake level rises (1985-1989, 1990-1991, 19921996) (Figure 5.5); these periods are followed by very short periods (months) of lake level drops
(in terms of area: −0.6 km2 in 1984, −1.6 km2 in 1990, −3 km2 in 1992). During these same short
periods, Lake Enriquillo experienced very abrupt lake level rises (in terms of area: +4.5 km2 in
1984, +2.8 km2 in 1990, +15 km2 in 1992). The 1997-2013 period shows a long-period of lake
correlation interrupted by short period anti-correlations. Specifically, lake levels have mimicked
each other for most of the 1997-2013 period, however Lake Enriquillo experiences three of its
most areal dramatic growths 1999, November 2007-February 2008 and August to December
2008: +40 km2, +53 km2 and +29 km2 respectively) directly following (or simultaneous with)
significant lake level drops at Lake Azuei (−2 km2, −6.5 km2 and −5.1 km2 respectively) (Figure
5.5).
The short periods of anti-correlated behavior between the lakes indicates that these years
represent potential time periods when Lake Azuei may have contributed a substantial volume of
water to Lake Enriquillo. I use elevation data along with calculated evaporation rates at Lake
Azuei, to estimate (to first order) the volume of water loss (not including water evaporated from
the lake) during short-periods of anti-correlation. Here, I present an example analysis of the most
recent anti-correlation periods (i.e. the ones—2007-2008 and 2008— that may be partly
responsible for the changes in the lakes’ water level elevation between 2005 and 2013).
The results suggest that Lake Azuei lost a total of at least ~0.52 to 0.77 km3 of water
during the two anti-correlated periods—November 2007 to February 2008 and December 2008.
124

In order to explain the change in Lake Enriquillo’s water volume between September 2007 and
December 2008, Lake Enriquillo needs ~1.1 km3 of water entering the lake via water
transportation methods that exist in the land area of the drainage basin. Since 2005, Lake
Enriquillo has needed, on average, 0.4 km3 of water from the drainage basin to explain its
changes in volume. If the average (0.4 km3) is subtracted from the total volume of water needed
(1.1 km3), I note that the difference (0.7 km3) is in range for the estimated non-evaporitic
volume of water loss from Lake Azuei. Additionally, I also note that the new sinkhole between
the two lakes occurred around 2007, suggesting that there may have been fluids flowing within
that region and also that ongoing dissolution of carbonate materials was likely occurring at the
site. Given the information above, as well as carbonate geology, the existence of the EPGFZ
(which provides a potential flow path parallel to the fault, see (Montgomery et al., 2003;
Faulkner et al., 2010), the 60 m hydraulic head that exists between the two lakes, and the
numerous wells and aquifers between the lakes, I suggest that Lake Azuei and Enriquillo
experienced two periods of hydraulic connection between November 2007 and December 2008.
More detailed analysis on Lake Enriquillo’s and Azuei’s water volume change with time is
needed to analyze the potential hydraulic connection between the lakes before 2000 where the
resolution of satellite images are insufficient to estimate the changes between lake levels during
the examined periods.

125

Figure 5.37 (A) cartoon illustration of how a hydrodam works (image adapted from
Environment Canada in 2014) when the sluice gate is opened (a) and when it is closed (b); (c)
shows the author’s rendered scaled drawing of the possible subsurface geology between Lakes
Enriquillo and Azuei (along the EPGFZ) based off government owned geological maps,
stratigraphic columns and cross sections in the region. N.B Vertical exaggeration is 50×
therefore dips on the layers in the figure are less steep than they appear.

5.16

Discussion

Like previous studies (Luna and Poteau., 2011; Payano and Medrano., 2012), I have shown
that changes to a wetter climate, including increases in the frequency and magnitude of storms in
the Enriquillo Valley, has contributed to the recent lake level rise within Lake Enriquillo. Similar
to study (Buck et al., 2015), I find that prolonged periods of lake level rises or falls are common
within the lake. My study improves upon past studies by also showing that these changes are
insufficient to explain the recent lake levels rises and, that changes in hydraulic connectivity
between Lake Enriquillo and Lake Azuei, runoff into Lake Enriquillo from the Rio Yacque Del
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Sur and other feeder rivers and ponds are also all potential contributors to the recent lake level
rise of Lake Enriquillo. Here, I attempt to reconstruct the most likely sequence of events that
preceded the increased hydraulic connectivity in the valley and the resulting rise in Lake
Enriquillo’s water level. The most active storm period (for any 8-year period of the historical
record back to 1950) occurred between 2005 and 2013 (Figure 5.3). These storms are responsible
for the 211 mm/yr mean increase in the precipitation rates in the watersheds of the Lakes
Enriquillo and Azuei experienced during this period (Figure 5.3). The timing and magnitude of
these more frequent storms are ultimately controlled by sea surface temperature anomalies
(SSTA) and wind strength and direction in the Atlantic Ocean (Gray., 1984; Gray et al., 1997).
The relationship between storm frequency over Hispaniola and SSTA has been described by
regional studies (Greer et al., 2006; Nyberg et al., 2007). These studies have supported the earlier
works, see (Gray, 1984; Gray et al., 1997] that show that strong westerly winds in the Antilles
prohibit the formation of hurricanes and that the frequency of hurricanes over the Atlantic is
reduced during El Nino periods when strong vertical shear winds dominate in the Atlantic
Ocean. My brief review of storm frequency in Southern Hispaniola over the past 63 years shows
a similar trend with the past decade characterized by the departures of moderate El Ninos and the
onset of La Nina periods that generally coincide with increased hurricane and storm activity.
The added storm water seems to (at times) act as hydrologic and geomorphic agents that
cause increases in hydraulic connectivity, in terms of new connections or greater flux
relationships, between Lake Enriquillo and the other water bodies within the valley. For
example, the new stream seen in Figure 5.1 Box 2 currently directs water away from nearby hills
and towards Lake Enriquillo. Without channelization, water from the hills would join the lower
topography and do one of two main things: diffusively settle in naturally existing small rills that
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splay into different directions depending on the microtopography (Dunne et al., 2013) or flow as
sheets that tend to move more slowly (and be subjected to more surface evaporation and
infiltration) than channelized unidirectional flow. In essence, without channelization water may
tend to be otherwise directed (not necessarily towards Lake Enriquillo). The second example
comes from stream 7a/c. In general, I hypothesize that Lake Enriquillo should, to a certain
stream width to depth ratio threshold, see significant increases in current and future volume flux
rate of water from stream 7a/c. This would allow more water to move from the source location
(the hills in central Dominican Republic) as well as allow the stream to support more sediments
and water during larger rainfall events- a shallower stream may flood its banks more readily.
Both the weather and the changing hydraulic connectivity in the region combine to create
tipping point conditions that increase the hydraulic connectivity between water bodies within the
valley. Though these changes are poorly constrained, I can make first order attempts at
identifying time periods when changing conditions may have resulted in valley-wide tipping
points that lead to increased water flux into Lake Enriquillo through time. I suggest that many of
the changes in hydraulic connectivity are a natural result of erosion and perhaps changes in
subsurface flow, as I suggest between Lake Azuei and Lake Enriquillo. Nonetheless, man-made
changes in water and dam control, as noted in section 5, are also likely factors that require much
more thorough study.
Given the evidence for the temporary abandonment of the canal that leads from Trou
Caiman to the Caribbean Sea, it appears that human monitoring of this canal could lower the
water storage burden on Lake Azuei. For the irrigation dam systems, I can speculate that more
water is supplied downstream (into Lake Enriquillo) during periods of significant rain. This
speculation is based on the fact that dam workers will want to avoid upstream flooding and or
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water build-up behind the dam during significant rainfall. This could in theory add a positive
feedback mechanism—the more it rains, the more humans and flood control canals release water
directly into the lake either to avoid flooding of their crops or properties. Dam release methods
could therefore act as another tipping point agent that can cause rapid lake level changes in Lake
Enriquillo-such methods should be investigated further.
5.17

Conclusions

My analysis indicates that changes to a wetter climate are not the only cause of the 20052013 societally disruptive 10 and 5 m rise in Lake Enriquillo’s and Azuei’s water levels
respectively. I have used imagery from the period of 2000-2013 to show that Lake Enriquillo
receives water from the Rio Yacque Del Sur via the Enriquillo Valley irrigation system that is
used for sugarcane cultivation. Since the supply of the water in the irrigation system is dam
controlled, it is likely that dam control methods play a role in lake levels. Additionally, I propose
that Lake Enriquillo may have hydrologic connections to Lake Azuei in Haiti, as shown by
significant drops in Lake Azuei correlating closely with rapid rises in Lake Enriquillo, and direct
observations of sinkholes and new, perhaps intermittent stream flows between the lakes.
However, it remains unclear how much water Lake Azuei supplies to Lake Enriquillo and what
controls this hydrologic connection.
Future studies should seek to better constrain the lake’s water budget. Those studies
should collect and estimate current and historical flux measurements at the main rivers that
discharge their water and sediment load in Lake Enriquillo. The studies should seek to
understand Lake Azuei’s water contribution to Lake Enriquillo by examining Lake Azuei’s
volume change rate with time, performing ground water flow tracer tests, and measuring surface
flow between the lakes. Future studies should also consider testing if seismic activity along the
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EPFZ enhances or reduces hydrologic connections between Lakes Enriquillo and Azuei. Another
area of future study is to investigate annual variations in dam discharge to see if there are
consequent changes in the level of Lake Enriquillo. Finally, studies should use soil classification
and infiltration studies to further constrain run-off and its relationship to Lake Enriquillo’s water
levels.
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CHAPTER 6

SUMMARY OF FINDINGS AND FUTURE WORK

Jamaica and Hispaniola face earthquake and earthquake triggered geohazards associated with
active faulting within the Enriquillo-Plantain Garden Fault Zone. Before 2010, the majority of
the work was done to understand the geometry, earthquake recurrence interval and strain
accommodation for the main strike-slip fault within the fault zone. Within this dissertation, I
focused on characterizing the subsidiary fault systems that can also generate large magnitude
earthquakes within the EPGFZ. I also explored the complex relationships between tectonics,
weather and climate change, and sediment strength. By focusing on these previously ignored
areas of geohazards and neotectonic research within the EPGFZ, my studies have been
instrumental in improving geohazard assessments in Jamaica and Hispaniola.
Existing studies showed that paleoseismicity in Eastern Jamaica is poorly constrained.
Passive-source seismic and onshore studies also suggested that the region likely contains many
blind faults whose locations, geometries and deformation histories are unknown. My analysis of
the marine sediments reveals that Eastern Jamaica hosts a previously unrecognized submarine
strike-slip fault system connected to on land faults associated with the EPGFZ. The newlyidentified faults accommodate strain via a Pleistocene aged basin that is currently (10 ka-present)
being deformed by the west-east trending strike-slip fault. This fault is active and could generate
Mw 4.5-6.8 earthquakes within Kingston, the capital city where two-thirds of the population
131

lives. Accordingly, my analyses highlight the need for continued paleoseismic analysis both
onshore and offshore Jamaica.
Whether earthquakes in Jamaica lead to significant damage depends on many factors,
including sediment physical properties. These properties control fluid flow and seismic wave
amplification during earthquakes; however, very few real-world data exist to quantify how they
change spatiotemporally. My analyses show that the sediment properties within the upper 2 m of
the subsurface remain relatively unchanged through 180 years. In contrast, compressional and
shear wave velocities (Vp and Vs) increase with sediment age. Rock physics models reveal that
velocity changes in the top 2 m are unlikely to be controlled by relatively small changes in the
physical properties of the sediment alone. Instead, the analyses show that stress-induced grain reorganization with time is perhaps a second, if not more likely, cause. The results also suggest
that previous studies have likely underestimated the influence of sediment age on the earthquake
site response and subsurface fluid flow along beaches.
Along with earthquakes, changing climate and hurricane-induced changes to
geomorphology sometimes combine to exacerbate flooding in places like Lakes Enriquillo and
Azuei, located 5 km apart in Hispaniola. Both lakes anomalously rose by 5 m and 10 m
respectively between 2003 and 2013. Higher lake levels submerged towns, road systems,
agricultural lands, and utilities. I quantify and assess controls on the lakes’ water level changes
by integrating seismic reflection, sediment core, satellite imagery, and regional meteorological
data. The analyses indicate that the lakes’ water level changes poorly correlate with changes to
seasonal rainfall intensity. Instead, the most substantial changes to lake levels occur due to
increased hurricane activity (likely associated with the departures of El Nino events). Humanmade and hurricane-induced changes to streams that discharge into the lakes also play an
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essential role. Both lake Enriquillo and Azuei likely experience intermittent periods of hydraulic
connectivity due to earthquake-induced changes to subsurface fluid flow along reactivated or
newly developed stratigraphic controlled sub-surface transport pathways. Solutions, partly based
on the results from this study, have been implemented and lake levels have returned to their pre2003 elevations.
Apart from active faulting, sediment strength, sediment aging, liquefaction, and lakeflooding analyses, at least four avenues of research were inspired by the works presented in this
study. One ongoing investigation involves using sediment and seismic data from Port Royal
beach to test the effectiveness of seven effective media rock physics models. The second
ongoing study uses the Port Royal Beach seismic data, along with existing microtremor data, to
perform shear wave mapping of the Palisadoes Complex Spit. This study is being done in
collaboration with scientists from the University of the West Indies St. Augustine in Trinidad. A
third study focusses on determining the microstructural changes that occur within sand exposed
to earthquake-like shaking. This study is being done with scientists from the University of
California Berkeley. A third study uses temperature gradient data that I collected in 2013 to
perform fluid and heat flow modeling in Jamaica. This study is being done in collaboration with
scientists from the University of the West Indies Mona and the Water Resource Authority in
Jamaica.
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